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PREFACE 


1 N the present sketch I have attempted to show genetics as the 
study of systems of heredity and variation, systems which rest 
on a basis of the chromosomes and are related to one another 
by processes of natural selection I believe that the combination 
of the material basis with the evolutionary framework provides 
the only means of making sense of biology as. a whple I hope 
moreover that this elementary exposition will enable its readers tm 
realise that the chromosome theory is now something more than 
a profession of faith, or even an instrument of genetic discovery; 
It IS the key with uhich we are opemng the door between the 
physical and the biological sciences 
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. .There are three great discoveries which have enabled 
our knowledge of the interconnection of natural pro- 
cesses to advance by leaps and bounds hrst, the discovery 
of the cell as the unit from whose multiplication and 
differentiation the whole plant and ammal body de- 
velopis Second, the transformation of energy, which 
has demonstrated that all the so-called forces operative 
in the first instance in inorgamc nature are different 
forms of manifestation of umversal motion Finally, 
the proof which Darwin first developed m coimected 
form, that the stock of organic products of nature sur- 
rounding us to-day, including mankind, is the result of a 
long process of evolution from a few original umcellular 
germs, and that these agam have arisen from protoplasm 
or albumen which came mto existence by chemical 
means. 

Enoais, Ludwig Feuerbach, 1888 




CHAPTER I 


PREMISES OF GENETICS 

Living organisms as we know them are things derived by 
breaking off or reproduction from their like and usually capable 
of giving nse to their like for an indefimte time This is the genetic 
way of defimng life The degree to which organisms arising in this 
vay are hke their parents is said to be due to imedity The degree 
to which they are different is said to be due to vanation in this 
heredity 

One proviso must be added to this defimtion that conditions 
outside the organisms be not changed In nature the differences 
between organisms depend on differences outside as well as 
inside them Smaller size may be due to bad heredity or bad 
food We therefore separate these two factors as Genotype and 
Environment Genetics rests on the axiom that the character of 
an orgamsm depends on the reaction of its genotype and its en- 
vironment Where a plant is propagated by grafting or cuttings 
all over the world and for a great space of time, its environment 
and Its observable characters change continually but its genotype 
remains the same When it is brought back to the old conditions 
Its old character reappears We therefore say that there must be 
material particles within the organism which reproduce them- 
selves without change and determine this constancy within it 
That at least was the simplest assumption and one that was made 
long before any such particles were seen The corpora gemtaha of the 
ancients became the ids of Weismann and the genes ofjohannsen. 
Now, however, we find that all cells contain certain visible 
particles lying inside the cell nucleus These particles alone are 
indispensable to the reproduction of a cell or of a whole organism. 
They arc characteristic and similar in their behaviour in plants 
and ammals We therefore assume that the nuclear particles are 
responsible for heredity The nucleus is in fact the seat of the 
genotype very much as the brain is the seat of the mind. We merely 
know more about the organisation of the nucleus than of the 
brain 



2 


PREMISES OF GENETICS 


This brings a contradiction into the notion of genotype and 
environment The organ of the genotype is not one but many 
nuclei distributed throughout the body. These nuclei are sur- 
rounded by a material, the cytoplasm, through which they exert 
their effect on the organism and on one another They must be 
capable of interacting m the course of development The cytoplasm 
is therefore the agent through which differentiation is established 
between the parts of the organism It constitutes an inner en- 
vironment coming between the organs of the genotype and the 
outer environment On these properties depend the adaptations 
of genetic systems to the great variety of conditions of develojj- 
ment we are going to consider in various organisms 

Thus environment is by no means so simple a notion in effect 
as It might seem to be The environment for particular purposes 
depends on whether we are speaking of the whole or of a part of 
an organism, or indeed of the whole or a part of a speaes It 
may depend also on the stage of development and the relations 
of parent and offspring And lastly, by a paradox, it depends on 
the genotype from which we thought to have separated it For 
when we change the genotype we throw the organism into a new 
environment A dwarf bean does not meet the same world as a 
scarlet runner 

Before we go any further let us recall the three vital experiments 
on which these principles are founded The first is the proof by 
Johannsen that the genotype is independent of the environment 
Johannsen took a stock of beans {Phaseolus vulgans) descended by 
sclf-fertdisation for several generations from one plant This he 
described as a pure line He found the seeds produced differed in 
weight, but that plants grown from the heavier produced seeds 
no heavier than those from the lighter seed This was repeated for 
several generations, but selection continued to have no effect 
The new sub-lines within the old pure line had all the seune seed 
weight Why ^ Because the genotypes of all the plants in the pure 
line were the same and the differences between them were due 
merely to differences in the environment These effects were not 
inherited The environment is therefore powerless to produce a 
change in a group of organisms without selection, selection is 
powerless to produce a change without vanation amongst the 
genotypes. And variation is not inherent iii heredity in the sense 
in which Darwin imagined it to be When, on the other hand, a 
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population containing many different pure lines is selected, it 
IS changed as a whole, because the differences between its con- 
sbtuent hncs are genotypic 

The second experiment (although earlier in date) is the proof 
by Mendel that the genotype is composed of indivisible parts. 
Mendel crossed members of two pure lines of peas (Ptsum sativum) 
which differed in one recognisable respect one was tall, the other 
dwarf The first generation, or Fj, progeny were all tall, but when 
they were self-polhnated they produced second generation, or F^, 
progeny three-quarters of which were tall and one-quarter dwarf. 
The dwarf all bred true, and so did one of the three quarters that 
were tall The rest of the tall plants again gave a three to one 
proportion of tall and dwarf Further, when any of these impure 
tails were crossed with dwarfs (for all dwarfs were evidently pure) 
half the offspring were tall and half dwarf Mendel drew a con- 
clusion which IS now obvious though it was repugnant to the then 
prevailing thought , he assumed that the first cross was hybrid for 
a factor determining tallness, the genotype of each plant having 
both the factor for tallness (T) and ^n alternauve factor for 
dwarfness (<) which were inherited from its two parents, TT and 
tt, and further, that these factors separated in the formation of the 
germ cells so that some had one and some the other in equal 
numbers Hence the hybrid Tt gives germ cells T and t and 
progeny recombining T and I at random as a result of random 
fertilisation, in the proportions i TT zTl itl Since Tt shows 
the undiminished tall character, three of this dominant character 
appear to every one of the recessive 

From this experiment it follows that the product of fertilisation 
IS genetically double, that its genotype is deterrmned by certain 
particles or arrangements of particles which retain their in- 
dividuality from one generation to another, and that corre- 
sponding particles from opposite parents separate when the germ 
cells are formed so that they are genetically single. These particles, 
which we need not define more accurately for the moment, are 
now known as genes Mendel’s observations of their effect enable 
us to define a hybrid as a zygote derived from the fusion of dis- 
similar gametes They enable us to predict likewise that such a 
hybrid will itself give rise by segregation to dissimilar gametes 
From this experiment followed a whole series of others calcu- 
lated to discover what happens when an orgamsm is hybrid for 
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several of these gene differences Usually any particular pair will 
recombine freely, each of the classes for one factor (A) — pure 
dominant, hybrid and pure recessive — consisting of the same pro- 
portions (i 2 i) of the three classes for the other (B) Thus a 
double hybnd AaBb gives 

I AABB 2 AaBB i aoBB 
2AABb ^AaBb zaaBb 
lAAbb iAabb laabb 

Or, taking the externally distinguishable classes 
I AABB sAaBB 2 AABb ^AaBb 
1 AAbb 2 Aabb 
I aaBB 2 aaBb 
I aabb, 

»e 9 3 3 I 

By this experiment Mendel established the free segregation of 
two factors or genes controlling height and colour But free 
segregation meets with exceptions Where, for example, the cross 
has been made between AABB and aabb, more of the AB and ab 
classes of gametes may be formed by the hybrid than the alternative, 
or crossover, classes Ab and aB Evidently there is some re- 
striction on this crossing-over or recombination Moreover, the 
restriction is found to be of different degrees between different 
pairs of genes Some pairs have crossed over in 30 per cent of 
gametes and others in only i or 2 per cent 

When hundreds of pairs of genes have been tested for crossing- 
over in various species of Drosophila, ^ea Mays, Puum sativum and 
Pharbitis, it has been found that those pairs which show a mutual 
restriction of crossing-over, or linkage as we say, can be arranged 
in groups, and that within each group the series of genes is a 
linear one such that, knowing the proportion of crossing-over 
between A and B and between B and C, we can calculate the 
proportion between A and C as a little less than the sum of these 
two Finally, the number of these groups is found to agree with 
the number of separate bodies or chromosomes in the nuclei of 
the germ cells in the particular plant or ammal, i o in Mays, 
4 in Drosophila melanogaster and so on 

An equally fundamentaFexpenment was carried out by Mendel 
on fertilisation He counted the number of pollen grains placed 
on the style of Mirabilis jalapa and proved that one pollen gram 
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was enough to fertilise one seed Ten years later the essential 
process was seen by Oscar Hertwig He watched a sperm entering 
an echinoderm egg, and saw the fusion of their two nuclei He 
had discovered the nature of fertilisation 

These discoveries have translated genetics from undefined 
assumptions of vitalisbc forces and indeterminate influences to 
defined assumptions of determinate matenals They have given 
the heredity of living things the same atomic character that was 
already implied by their chemical structure The observations of 
fertilisauon and meiosis enabled Weismann to distinguish between 
the materiab earned in the cell nucleus and passed down from 
generation to generation as the germ-plasm, and their temporary 
product in each generation as the soma The germ-plasm was, 
in a sense, responsible for the genotype, the soma for the pheno- 
type Breeding experiments and cytological observations agreed 
in contradicting the primitive superstition that heredity was a 
direct relationship between parent and offspring They showed 
that the relationship was not between their appearances but 
between their hereditary matenals Our next task is therefore to 
see what these matenals arc and how they arc handed down 
from generation to generation 

Since the contnbutions of the maUng nuclei are equivalent, 
the results of reciprocal crosses between varieties and species arc 
similar Exceptions to this rule are rare Differences are found 
which are inhented on the female side only, showing that the 
cytoplasm is carrying specific self-propagating elements like those 
in the nucleus Wc can however attempt to define the part they 
may play only when wc understand the more precise action of the 
visible determinants in the nucleus When we have done this we 
shall return to the cytoplasm 



CHAPTER II 


THE SUBSTAjVCE OF HEREDITY 

Asa single cell grows into a mature orgamsm it divides into 
many cells and its nucleus into many nuclei It is then that we 
are able to understand the particulate character of its permanent 
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Fig I The cycle of mitosis R S Resting stage with large nucleolus 
E P Early prophase with double chromosomes in relic spirals L P Late 
prophasc with centrosomes at opposite sides of nucleus M Metaphase with 
four chromosomes orientated on plate of spindle E A Early anaphase with 
centromeres divided L A Late anaphase T Telophase with nucleolus being 
re-formed at the secondary constriction (Darlington, 1937 a ) 

or heredity-making structures We recognise nuclei by tbeir having 
a characteristic method of division, milosis, which provides for the 
products of division being genetically identical 

The resting nucleus is globular and bounded by an even surface 
The nucleus is sometimes optically homogeneous in life but dif- 
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fcrential refractivity as well as certain fixations can be made to 
reveal its structure It consists of a compactly coiled mass of 
threads, the chromosomes The first sign of mitosis is that these 
threads become separated from a watery substrate or sap They 
are then seen to be loosely coiled and lying in closely associated 
pairs, or as we may say each chromosome is double They then 
begin to shorten and thicken to form double cylinders or rods 
(Fig i) They all show one, or perhaps more, constrictions at 
constant points in their length 

This pTophase is ended by the boundary or interface of the 
nucleus breaking down and its space being invaded by the less 
watery particles of the cytoplasm which have previously been 



Fig 2 Mctaphase of muons in carlv and late spermatogonia of Chorthippus 
I'Orthoptera) showing 3 pairs of chromosomes with median centromeres, 
j pairs with subterminal leniromeres and the single sex chromosome {X) 

kept out These invading particles form a spindle-shaped mass 
around the chromosomes This mass contains even less water than 
the surrounding cytoplasm The chromosomes come to he in a 
plane across the middle of this spindle and they are seen to he 
regularly with one constriction on the equator of the spindle, 
although the rest of the chromosome, its body, may he off the 
equator or even in the cytoplasm The constriction is seen, with 
suitable treatment, to be occupied by a small body, the centromere 
or mechanical centre of the chromosome, which, unlike the rest 
of the chromosome, has not yet divided This stage, with the 
chromosomes forming a plate half-way between the ends or poles 
of the spindle is metaphase (Fig 2) 

After a short period the stability of the situation is changed by 
the simultaneous division of the centromeres of all the chromo- 
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somes Each centromere splits into halves, which move apart 
from one another towards the opposite poles, pulling their chro- 
matids or half-chromosomes after them Between the two groups 
the spindle stretches, pushing them farther apart This stage of 
separation is anaphase When the sets of chromatids come near the 
poles, two new nuclei are bmlt up again This last stage is telophase 
While the nuclei are returmng to their resting condition a fine 
spiral appears inside each chromosome, and its coils slighdy 
loosen and becoming closely entangled disappear in the optically 
homogeneous nucleus The nuclear cycle is complete. If, how- 
ever, we compare this last view with the first we see that the coils 
which gradually become fewer and straighten out during the 
contraction of prophase are a direct continuation of those seen at 
telophase They are relic coils And while they are disappearing 
at prophase we must suppose that a new spiral is developing i nside 
each chromatid for the new mitosis 

It IS by developing an internal coil that the chromosomes con- 
tract lengthwise and become conveniently mobile during mitosis 
When the coiling fails (exceptionally in certain Protozoa, and 
abnormally m higher orgamsms) the chromosomes remain long, 
so long that the daughter chromatids may fail to separate at 
anaphase, and a single nucleus is restored with a double number 
of chromosomes Such under-coiled chromosomes have more coils 
than the normal but they are of smaller diameter, so it is clear 
that the whole nuclear cycle consists in a process of diminishing 
the number and increasing the diameter of coils in a chromosome 
During prophase two successive coiling cycles overlap 

Although the separation of chromatids takes place at anaphase 
it will be seen that the division of the chromosome into two chro- 
matids IS accomplished during the previous resting stage, when the 
threads are dispersed in the nucleus and half uncoiled How this 
division must be supposed to work is a molecular problem It 
depends on the molecular structure we assume in the chromosome 
It seems likely that the chromosome is a permanent carbon- 
nitrogen chain with long active side chains at intervals Division 
would then consist in the attraction and laying down of identical 
component particles next to the original thread and these particles 
would fuse to make a new thread 
It is an essential property of these essential materials of life that 
the attraction on which the division of the chromosomes depends 
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IS between identical elements and is limited to pairs Owing to this 
specificity of attraction, each chromosome divides into two 
exactly equivalent daughter chromatids, and the two daughter 
nuclei are also exactly equivalent in chromosome content; they 
contain the same number of chromosomes of the same sizes and 
shapes and composed of the same linear arrangements of particles 
Hence so long as mitosis regularly continues every nucleus formed 
has a constant outfit of chromosomes This constancy applies to 
the whole of an individual It ensures the permanence of the 
genotype, and within limits the constancy of the species 



CHAPTER III 


SEXUAL REPRODUCTION 

Some of the Protozoa and Algae so far as we know undergo no 
other kind of nuclear division than mitosis Their reproduction is 
asexual or vegetative Nearly all the higher organisms, on the 
other hand, have a special method of reproduction involving two 
compensating changes in the nucleus — -ferttlisation and metosis or 
reduction The combination of these two processes is known as 
sexual reproduction Fertilisation consists in the union of the 
nuclei of two gametes in forming a zygote In view of the self- 
propagating permanence of the chromosomes the zygote has two 
sets of the chromosomes of which each gamete has one And in so 
far as the gametes are from related parents the two sets are related 
and therefore correspond in form and structure, so that each type 
of chromosome is represented in the zygote by two homologues 
The zygote is therefore said to be dtplotd (with 2n chromosomes) 
and the gamete haploid (with n chromosomes) 

Meiosis consists in two divisions of the diploid nucleus of the 
mother cell accompanied by one division of its chromosomes 
Each chromosome pairs with its homologue, so that 2« chromo- 
somes form n pairs during the first division and the chromosomes 
of each pair pass to opposite poles without separation of their 
chromatids These chromatids then separate at the second division 
Each of the four nuclei therefore have one of the four chromatids 
of each pair of chromosomes They are haploid nuclei once more, 
but with the chromosomes in different combinations in different 
cells Thus a hybrid with four chromosome pairs Aa, Bb, Cc, Dd 
will give gametes ABCD, ABCd, aBcd, and so on 

In most of the lower organisms the fusion of the gametes is 
followed immediately by the compensating meiosis The diploid 
phase merely lasts through one resting stage In the higher 
organisms the diploid phase is the main part of the cycle and the 
haploid is reduced to one resting stage in the higher animals 
In man the diploid phase consists of about 50 mitoses in sequence 
yielding some 10^^ cells* The prolongation of the diploid stage 
is achieved in the Bcisidiomycetcs by a special device The two 

‘ White, 1937 
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gamete nuclei divide side by side in every cell of the plant As 
soon as they iuse^ meiosis takes place Until then we have a 
diploid organism with only haploid nuclei 

The two important factors in permitting sexual reproduction 
are usually the bringing together of the two gametes from different 
places and the providing of a food supply for the new diploid 
individual These conditions are usually satisfied by sexual 
differentiation, that is by a division of labour between the two 
gametes One travels with the minimum burden, the other 
merely waits with the food supply The one is the male cell or 
spermatozoon, the other the female cell or egg When the same 
parent individual bears both it is said to be hermaphrodite When 
separate individuals bear opposite sex cells the individuals them- 
selves are said to be male and female and the species as a whole is 
said to be sexually differentiated 

Sexual differentiation of gametes begins with a minimum where 
there is no difference in size between the gametes, only in move- 
ment, as in Actinophrys or Spirogyra It ends with the extreme of 
difference m size between a sperm and a bird’s egg, which is 
many million umes larger 

Sexual differentiation of individuals beanng the gametes may 
apply to the haploid individuals where a haploid generation is 
retained, as in Protista and Bryophyta In the higher organisms 
where the haploid generation is telescoped, the sex of the gametes 
is determined by the differentiation of the preceding diploid 
generation The haploid generation bears, not a sexual character 
of Its own, but that which has been imprinted on it by the parent 
male, female or hermaphrodite of whose body it forms a part In 
the Bryophyta where the haploid plants lead an independent life 
their sex is an individual property directly determined 
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MEIOSIS PAIRING AND CROSSING-OVER 

'T'h e first question about meiosis is of course what makes it 
different from an ordinary mitosis The character of the division 
IS undecided at the preceding telophase This is shown by one 
of the products of mitosis in certain fungi undergoing meiosis and 
forming an ascus while the other undergoes mitosis, eg in 
Peztza * It IS also shown by the nature of the division, mitosis or 
meiosis, bemg determinable experimentally dunng the preceding 
resting stage in certain diatoms * The difference has arisen before 
the beginning of prophase, however In mitosis the chromosomes 
divide, as we saw, during the resting stage. In meiosis they begin 
the prophase still undivided The difference must be established 
during the resting stage 

We know from the evidence of X-ray changes that the division 
is actually at a variable tunc in the different intermitotic resting 
stages, depending perhaps on their duration * The resting stage 
of the mother cell which is to undergo meiosis can be extremely 
short But, whether it is long or short, prophase always begins too 
soon for the chromosomes to have divided 

We saw that in mitosis the particles of each chromosome attract 
similar ones to themselves during the resting stage, so that one 
thread reproduces or becomes two This reproduction is described 
as division and is followed by the association throughout prophase 
of the two chromatids which arise from the division At the 
beginmng of meiosis, on the other hand, the chromosomes appear 
as single threads and the separate homologues therefore attract 
one another In the diploid, unless it is a hybrid, there are two 
homologues of each kind of chromosome corresponding in all their 
parts. These chromosomes come to lie side by side in pairs 

The chromosomes at this thin thread stage show a granular 
structure not usually seen during the rapid early prophase of 
mitosis They look like strings of unequal beads unequally strung 
together These beads are the ckromomeres In homologous chro- 
mosomes they correspond in-number, size and position, and each 
chromomere pairs with a similar partner. The centromere stands 

* WJaon/ 1937 * Geitler, 1934 * Mather, 1937 
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out from Its neighbourmg chromomercs, being further separated 
from them than they are from one another 

The chromosomes usually begin to pair near their ends, but 
sometimes near their centromeres Where the centromere hes 
near an end the most regular result is attained This regularity is 
facilitated in many animals by all the ends which are going to pair 
first lying close together to one side of the nucleus before pairmg 
actually begins Once pairing has begun, whether at a centromere 
or at an end or at both at the same time, it passes along the chro- 
mosome like the closing of a zifi-fastener 

When pairing is complete the diploid complement of chromo- 
somes IS present as the haploid number of bivalent chromosomes 
In this way the mitouc position of association of similar threads 
in pairs is restored The double thread or pachytene stage is in a 
stable condition, which unlike the mating-thread stage may be 
indefimtely prolonged Only one change is observable , the partner 
chromosomes become coiled round one another, relationally as we 
say to distinguish this coiling from the internal coiling already 
referred to Pachytene is ended by four changes which always 
occur together The chromosomes each divide into two chromatids , 
at a few points along each pair chromatids of partner chromo- 
somes cross over by breakage and reunion at corresponding 
points , the chromosomes separate and cross-shaped arrangements 
of the chromatids, chiasmata, consequently arise at these points, 
and finally, in doing all this the relational coiling of the chromo- 
somes IS largely undone When these changes are complete we 
have the diplotene stage (Figs 3a and 17) 

The detailed mechamcs of this remarkable series of changes we 
shall go into later For the present we must nouce, first, that the 
division of the chromosomes should lead to their falling apart if 
attractions are limited to pairs of threads, and secondly, that, since 
chiasmata involve exchanges of partner between members of two 
pairs of chromatids, they are bound to hold all four together in 
spite of this limitation Thus, while all association of the partner 
chromosomes is conditioned by attraction, this attraction is 
between chromatids, not between chromosomes after the begmmng 
of diplotene Not only this, the partners begin to show mutual 
repulsion Where only one chiasma is formed between two chromo- 
somes the four arms open at right angles to form a cross. 
Where there are two cluasmata the loop between them opens 
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Fig 3 a The first division of mciosis in a Pachytene b Diplotene, 

8 bivalents have one to three chia<.mata each while X is unpaired c Meta- 
phase d Anaphase bach senes is shown as though in a Mercator’s projection 
of the cell, ^ to the right Centromeres not shown (After Darlington, 19373) 
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to form a flat circle What remaiijs of the relational coiling is 
obliterated 

The chromosomes begin to contract into their internal spiral 
and the effect of their repulsion now becomes more marked It 
shows Itself in two ways In closed loops the repulsion is neces- 
sarily stronger than in the open arms of the ends adjoimng them, 
their parts being closer together These loops expand at the cost 
of the open arms, the chiasmata slip towards the ends Secondly, 
the associations of the two arms contaimng the centromeres 
extend at the cost of the two arms not contaimng them (Fig 3a) 
In both these cases there is more or less movement of chiasmata 
towards the ends of the chromosomes This terminalisatwn occurs 
in all organisms, in greater or less degree, chiefly according to 
whether the chromosomes are small or large Again we have a 
zip-fastener movement 

There is a third possibility when the centromeres he near 
the ends in open arms adjoimng a closed loop When this loop is 
small the nearest chiasma may perhaps move towards the centro- 



Fig 3 A 

s 


Left, ihc two seraiid metaphases in Chorlhippus with 8 and 9 cliromo- 
somes Right, second anaphase, with A 


mere In no case of course can a chiasma cross a centromere 
because the centromere is single Not only this but the expansion 
of centric loops shows that there is a specially high repulsion 
between the centromeres of partners, and their repulsion will 
increase if the chiasma moves towards them and brings them 
closer together 

The extreme of this centric repulsion is found, as we should 
expect, where the chromosomes arc smallest, as in Lepidoptera 
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and most Dicotyledons All the chiasmata move away from the 
centromeres to the ends and give terminal chiasmata , and if two 
are formed between one pair of arms they fuse at the ends, the 
penultimate association of chromatids replacing the ultimate one 
at the terminal chiasma 

Thus where the chromosomes are small the bivalents become 
rods or rings, rods having one terminal chiasma and rings having 
two. Where, on the other hand, the chromosomes are large the 
bivalents remmn very much the same shape as at diplotene The 
chiasmata are separated by more even loops They are, as we may 
say, equilibrated and their number remains the same, from one to 
as many 2is fifteen but usually two or three Each pair of chromo- 
somes in any species has a characteristic average frequency of 
chiasmata under standard conditions 

If the nucleus is small, as in mother cells on the male side, the 
bivalents become evenly spaced in it, and if they are very short 
most of them he on the spherical surface of the nucleus If the 
nucleus is large, as in mother cells on the female side, the bivalents 
are less evenly spaced The same repulsion which apparently acts 
between all chromosomes in all prophase nuclei acts also within 
bivalents, but it is insufficient to secure complete terminahsation 
in large bivalents It is also insufiicient to secure even spacing in 
large nuclei The repulsion is an inverse function of distance It 
IS, however, insufficient to overcome the powerful attraction of 
homologous threads m pairs at all stages of prophase. 

At the last stage of prophasc, dtakimsts, the chromosomes have 
come to be contracted a little more than at metaphase of mitosis, 
they are a tenth their pachytene length in Lilium, a fifteenth in 
They are associated by tenmnal or interstitial chiasmata 
in pairs, and the members of these pairs no longer attract but 
repel one another Since the chiasmata themselves are the result of 
Crossing-over, such as we have already inferred in breeding experi- 
ments, we see that crossing-over is a condition of the pairing of 
the chromosomes being maintained from pachytene to metaphase 
Hence also it is a condition of the reduction of the number of 
chromosomes and of the regular character of meiosis and sexual 
reproduction This pnnciplc_is true of all sexually reproducing 
speaes It governs, as we shall see later, the character of every 
genede umt from the gene to the species It is the central fact of 
genetics. 
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MEIOSIS THE PROCESS OF ASSORTMENT 

o UTS IDE the chromosomes meiosis continues to follow the same 
course as mitosis The chromosomes themselves, on the other 
hand, follow a course modified in essential respects by their 
association in pairs, an association which results from the imtial 
difference between the two types of division 

When the spindle breaks into the prophase nucleus the bi- 
valents first come closer together, and then arrange themselves 
in a metaphase plate half-way between the two poles But their 
internal relationships are very different from those of simple 
mitotic chromosomes The two centromeres of each bivalent lying 
in the spindle are axially co-orientated, that is to say they he on 
an arc or axis passing through the two poles of the spindle One 
centromere lies on one side of the equatorial plate, its partner a 
similar distance on the other side As this is happening they move 
apart, so that as a rule they are nearly as far from one another as 
each of them is from the pole on its side If there is a chiasma 
close to the centromeres the segments of chromosome between 
them and this chiasma are drawn out into a finer thread than other 
segments they are evidently under tension The centromeres are 
repelling one another even more strongly than at diakmesis 
Meanwhile, the bivalents adjust themselves laterally, so that seen 
from the pole they are, as in mitosis, evenly distributed on the 
plate, while any long free arms of peripheral bivalents he outside 
the spindle in the cytoplasm They remain in this equilibrium 
position for a short time Suddenly the attraction between chro- 
matids lapses The centromeres of partners then move apart and 
draw their attached chromatids towards the opposite poles 

(Fig 4) 

The two nuclei that are thus formed at telophase resemble 
those at a mitotic prophase inasmuch as the bodies of the chromo- 
somes are double, although the centromeres are single There is, 
so to speak, the haploid number of chromosomes, but the diploid 
number of chromatids They also differ from ordinary telophase 
nuclei in the rapidity with which the next metaphase follows, and 
in the absence of any further division of the chromosomes. In some 
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organisms no resting stage intervenes, and at the second metaphase 
the chromosomes are still super-contracted as at the first division 
In others there is a short resting stage, the chromosomes partly 
uncoil, and at the second division are coiled only as at mitosis 



Fig 4 First mctaphase and anaphase in Uvulana (n = y), showing how the 
separation of chromatids distal to the chiasmata in the long chromosomes 
(£, F, G) with more numerous chiasmata delays them relative to 1, B, C and D 
The numbers of total and terminal chiasmata are given under each bivalent 
The chromatids are internally coiled in pairs at mctaphase, sfparatelv at ana- 
phase Centromeres are shown (After Darlington, i<)37n I 

At the begmmng of the second metaphase the four arms of each 
chromosome he wide apart, joined only by the still undivided 
centromere, and only just before anaphase do they somewhat 
irregularly come together, touching perhaps only at the ends 
or not at all Anaphase of this division is thus determined simply 
and directly by the division of the centromeres, contact of the 
bodies of the chromosomes is superfluous This process shows what 
IS mechanically essential in mitosis and what is not The centro- 
mere IS the sole internal agent in separating the chromosomes at 
anaphase (Fig 36) 

The first important consequence of these two divisions is the 
reduction of the chromosome number from the diploid to the 
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haploid, which owing to the segregation of homologues includes 
a member of each set But these chromosomes are no longer the 
unaltered parental chromosomes They have recombined their 
parts by crossing-over Numerically the reduction is due neither 
to the first nor to the second division of the nucleus, but to the 
combination of the two with no division of the chromosomes 
between them Qualitatively the “reduction” or separation of 



Fig 5 Mcioiir brhaviour of a pair of chromosomes, A and Y, where Y has 
losi a terminal segment present in X Above, crossmg-over takes place between 
the centromeres and the equal ends Below, crossing-over takes place between 
the centromeres and the inequality so that the first divesion is “cquational” 
the second “ reductional ” Note, all four chromosomes prcxiuced at second 
telophase are different m origin in both cases Cf Fig 17, p 73 

the corresponding parts of the partner chromosomes occurs at the 
first division or the second division according to the position of 
the segment Obviously the separation of the parental centro- 
meres takes place at the first division The same applies to the 
parts between the centromeres and the chiasmata nearest to them 
On the far side of the nearest chiasma the second division is 
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reductional Beyond a second chiasma the time of reduction 
depends on the relationship of the different crossings-over between 
chromatids at the two chiasmata The importance of this we shall 
see when we consider hybrids (Fig. 5) 

Meanwhile we must notice that owing to crossing-over, meiosis 
gives rise to four nuclei all different from one another in regard 
to the parental origin of every member of its haploid set of chro- 
mosomes Furthermore, owing to the positions of crossing-over 
differing for each bivalent in different mother cells, no two will 
give the same kinds of result in the recombination of differences 
between the parental chromosomes, provided of course that there 
are enough differences to be recombined Sexual reproduction 
IS thus a mechanism which secures the greatest possibilities of 
recombination of genetic differences. This is its one primary and 
umvcrsal function All others arc derived from it 

We must also notice that meiosis occurs in the same way in its 
mechamcal and therefore genetical essentials m all sexually repro- 
duang orgamsms It is this cytological uniformity which explains 
why the principles of heredity, established separately m the re- 
producuon of a few organisms, such as Ptsum and ^ea Mays, 
Drosophila and the mouse, confirm one another And it is this uni- 
formity which assures us that the same principles will equally 
apply to cdl sexually reproducing organisms even where, as m men 
or mules, experimental breeding is inconvement or impossible 
Finally, we must notice that the invention of meiosis in pre- 
viously mitotic organisms was the last critical step m the evolution 
of genetic systems, since it made sexual reproduction possible 
Later we shall see from the ways in which it can be reversed how 
it must ongmally have come about. 
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CHANGE OF QUANTITY POLYPLOIDY 

Failure of mitosis happiens regularly m some animal tissues, 
and in all plants it may take place under shock It gives rise to 
a nucleus with a doubled number of chromosomes A diploid 
nucleus (ax) will therefore give a tetraploid (4-r), and hence all 
Its descendants are tetraploid nuclei as constant m number as the 
diploid Their cells will under the best conditions be twice as large 
as corresponding diploid cells and will therefore develop giant 
tissues and giant organisms This is generally true of the flowering 
plants Organisms however seem to be adapted to a most favour- 
able size, and if this adaptation is inflexible no increase in size 
but rather a reducUon may follow the doubling of the chromo- 
somes, this IS true of some mosses and insects 

Doubling, or more properly a failure of reduction, may like- 
wise occur at one of the two divisions of meiosis, especially where 
pairing of chromosomes has abnormally failed Instead of haploid 
gametes or a haploid generation, corresponding diploids appear 
When the next fertilisation takes place, diploid and haploid nuclei 
fusing, a triploid (3*) is produced (Fig 6) 

Tnploids and tetraploids arise very frequently in nature and in 
experiment amongst both plants and animals In animals, how- 
ever, the general necessity of cross-fertilisation usually prevents an 
isolated tetraploid from leaving progeny, for it is usually sterile 
with Its diploid relatives and a tnploid itself is always infertile 
New species do not therefore readily arise from polyqiloidy in 
animals, but nearly half the species of flow'enng plants ow'e their 
origin to this change of quantity Wheat, oats, potatoes, plums and 
tobacco are polyploid m nature and in cultivation They have 
four or SIX times the banc number of chromosomes, x, found in the 
gametes of their diploid relatives 

The behaviour of polyploids at meiosis is significant in theory 
and in practice Take first the tnplotd It has three chromosomes of 
each type instead of two as in the diploid W hen they pair during 
prophase only two chromosomes come together at any one point 
The third is left out As in the reproduction of chromosomes, 
attraction is limited to pairs In another part of the chromosomes 
DF 3 
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a different one of the three may be left out, they may change 
partners (Fig 7). If then chiasmata are formed at different places 
between one chromosome and both the other two, the trivtilent is 
maintained , all three are held together until metaphase. If, how- 
ever, one has been left out m the original pairing, or having paired 
has failed to form chiasmata, it is left unpaired, a umvalent, at 



3x 5x 

Fig 6 Complements found in Crtpis capdlaris (x = 3) Note the nucleolar con- 
stncuon separating the small “satellite*’ of one chromosome After Navashin, 
1926, and HolJingshead) ^930 

metaphase while the other two behave like a normal bivalent 
It follows that in all tnploids, odd chromosomes are sometimes 
unpaired Where 2 5 is the average number of chiasmata formed 
in each set of three, about a third of these sets are represented at 
metaphase by bivalents and univalents, two-thirds by trivalents 
Just as no regular result can follow from the association of three 
chromosomes in pairs during prophase, so there can be no 
regular co-orientation of the three centromeres of a trivalent at 
metaphase or regular segregation of its members at anaphase 
They come to he in various ways according to the positions of 
their chiasmata in relation to their centromeres and the chance of 
their first moving under the influence of their repulsions on the 
spindle These different ways may be classified as linear, con- 
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vergent or indifferent The linear arrangement (all m a row) is 
favoured if all three centromeres have chiasmata very close to 



Fig 7 The first meiotic divisioa m tnploidj and tctraploids, showing the 
formation of tnvalents and quadrivalents with linear, convergent and parallel 
co-onentations Thie centromeres are represented by rings 


them so that all three are held near together The convergent 
arrangement (one repelling two opjxaite) is favoured where the 
centromeres are farther apart and equidistant, espeaally when 
the chiasmata arc terminal The indifferent arrangement with one 
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showing no tension with either of the other two arises when this 
one IS remote and the other two close together (Fig 8) 

Where the centromeres he convergently, two chromosomes will 
pass to one pole and one to the other Where they he linearly or 



Fig 8 Forms of irivalent and quadrivalent found m polyploid species of 
Tultpa with convergent, parallel and indifferent co-orientations (From 
Upcott, 1939) 


indifferently the equatorial one will be left on the plate and will 
behave at anaphase as a pmvalent Its origin will still be re- 
cognisable, if It IS large enough and has had an interstitial chiasma, 
by Its chromatids, unlike those of a true univalent, lying wide apart 
distal to this chiasma 
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Univalents, true or false, lying on the plate, divide after the 
bivalents have separated Anaphase comes too early for them 
They divide, as mitotic chromosomes do, by the division of their 
centromeres But lagging behind the bivalents in this way they 
may fail to catch them up and be left outside the daughter nuclei 
Indeed true univalents charactensDcally move on to the plate 
only at the end of metaphase or beginmng of anaphase They may 
even remain off the plate, on one side of it They will then be 
included in the nucleus formed on that side. 

At the second division we therefore have in each nucleus the 
normal double chromosomes together with some single chromo- 
somes if univalents have successfully divided at the first division 
Two chromosomes derived from one trivalent no longer show 
any connection The normal chromosomes divide normally The 
daughter univalents, unable to divide again, may again lag on the 
plate and are then often lost in the cytoplasm at telophase 

A tnploid therefore gives reduced nuclei contaimng the haploid 
set together with a random distribution of the extra set, each 
chromosome of which has half a chance of getting into one of the 
four nuclei — or rather less if some are lost Thus a triploid hyaanth 
(3Ar = 24) gives pollen grains with all numbers from 8 to i6 Some 
being lost, however, the modal frequency is ii and not 12 

The properties of Utraploids can be predicted in some detail 
from those we have noted in tnploids The chromosomes pair two 
by two at pachytene They occasionally change partners, and they 
then recall the shapes of diplotene bivalents The same mechamcal 
condition (an attraction in pairs) produces the same result at 
different stages of prophase in diploids and tetraploids The nature 
of the homologous threads, chromatids or chromosomes, makes no 
difference to the attraction 

According to the possibilities afforded by the exchanges of 
partner and the formation of chiasmata in a limited frequency in 
different parts of the chromosomes, either one quadrivalent, two 
bivalents or rarely a trivalent and univalent are formed by any 
particular group of four chromosomes Hence as in tnploids the 
associations produced by any particular group are variable In 
Pnmula sinensis (4Jf = 48) 12 quadnvalents are frequently formed, 
but in exceptional tetraploid sperm mother cells of Culex, where 
most chromosomes form only one chitisma, quadnvalents are 
rare / In a locust, Schistocerca, with similar tetraploid cells the longer 
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chromosomes with two, three or four chiasmata form quadn- 
vaients, while the shorter chromosomes with never more than one 
chiasma do not. 

Quadnvalents arrange themselves in linear, convergent or 
indifferent order like tnvalents But apart from these they may 
also he with two pairs of centromeres parallel and, relative to one 
another, like two indifferent bivalents Again the linear and in- 
different configurations leave l<^;ging “umvaJents” on the plate 
while the convergent and parallel ones have a normal and 
regular segregauon. A tetraploid under the ordinary conditions 
described is therefore incapable of having a regular segregation 
and forming uniform gametes unless it develops some property 
which prevents exchanges of partner at pachytene or reduces or 
stabilises its chiasma frequency How such properties can arise 
and enable tetraploids to compete on equal terms with diploids, 
further considerations will show. 
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CHANGE OF POSITION 

The chromosomes, as we have seen, are linear arrangements 
of particles which correspond with the linear arrangements of 
genes inferred from breeding experiments, and like them are 
constant and permanent This is the material basis of heredity 
We now have to consider the material basis of variation 

All chromosomes are liable to undergo changes in their poten- 
tially permanent or genetic structure Crossing-over is of course 
such a change But it is recurrent and predictable It recombines 
what IS there already, it produces nothing new beyond this 
But the mechanism is sigmhcant Two threads break, and their 
broken ends rejoin in a new combination 

Structural changes take place exceptionally and sporadically 
which give nse to new types of chromosomes And they do so 
by breakage and rcumon as in crossing-over They differ in one 
essential, however, from crossing-over, namely that they do not 
take place dunng the pachytene stage nor by breakage at corre- 
sponding points in homologues They probably take place for the 
most part during the resting stage At this time the chromosomes, 
except ai their free ends, arc still under a coiling stress If one 
breaks the ends must fly apart and are not likely to rejoin again 
If two break, or one breaks at two places, the different ends are 
therefore more likely to rejoin in a new combination than in the 
old one Since these reciprocal changes are particularly frequent 
both in nature and under X-ray treatment it seems probable that 
one break is inherently likely to determine another break near it, 
possibly by the sudden release and movement of the broken ends 
which (since they arc capable of rejoining) must be in an unstable 
condition for the moment 

A single break without rejoining divides the chromosome into 
two parts and leads to the loss or deficiency of the broken part 
without a centromere, the acentric fragment A double break and 
rejoining within a chromosome leads either to inversion of the 
segment between the breaks or its deletion from the chromosome, 
again as an acentric fragment (or ring if its ends join up) T\vo 
breaks in different chromosomes, with rejoining, lead to intei- 
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change, which may give two new normally constructed chromo- 
somes or, if the rejoining is the wrong way round, to one dicentric 
chromosome and one acentric chromosome The two chromosomes 
concerned may be homologous or not, the breakages and recom- 
binations taking place, it seems, largely according to the chances 
of position (Fig 9) 



(iv) (v) 


Fig 9 The results of interchange hybndity b) Three pairs of chromosomes 
between which two interchanges occur (11) and (in) The pachytene con- 
figurations of fiiur and six chromosomes produced by one and two interchanges 
X, differential segment, b,d, and f, interstitial segments (iv) Convergent co- 
orientation in a ring of four produced by terrmnalisation of four chiastnata 
from (11) (v) Formation of a chiasma in the d segment in addition (After 

Darlington, 1937 a ) 

The effects of these changes at the following mitosis have been 
seen chiefly in plants and animals treated with X-rays or by other 
special agents, since only then do they occur with measurable 
frequency We then find that they may take place either before or 
after the chromosomes have divided during the resting stage If 
before, then the changes apply to both the chromatids of each 
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affected chromosome in the same way We have “chromosome 
breaks” If after division, then the changes apply only to single 
chromatids Wc have “ chromatid breaks ” These occur only when 
treatment has been applied towards the end of the resting stage * 

Another consequence of structural changes that is important 
genetically depends on the behaviour of acentric and dicentric 
chromosomes Acentric chromosomes, like umvalents at early 
first metaphase of meiosis, are entirely passive and are nearly 
always lost at anaphase They never develop new centromeres 
The centromere is evidently a specific and permanent body which 
cannot arise from anything else Dicentric chromosomes divide 
in i^anous ways Their two centromeres, unlike the non-dividing 
centromeres of a bivalent, orientate independently Evidently 
internal orientation or polarisation of the centromere is correlated 
with preparation for division and prevents co-orientation m pairs 
If the two chromatids between them he parallel no harm is done 
The two centromeres pass to each pole with a loop chromatid 
between them If, on the other hand, the chromatids make half 
a coil between the centromeres they are pulled out diagonally to 
make a cross, and unless they arc very long they are likely to 
break under the anaphase tension at one or more points Dicentnc 
chromosomes cannot therefore be permanent at mitosis unless the 
length of chromosome between the centromeres is short enough 
to avoid coiling And even then thev will not usually survive 
meiosis under normal conditions, for the centromeres of the same 
chromosome would become co-onentated and therefore break the 
chromosome at anaphase 

It follows that the majority of structural changes damage the 
chromosomes that suffer them and are not therefore likely to 
survive Those we hnd in nature are the ones that have survived 
and they correspond with types expected from experiment de- 
letion, inversion, interchange and one more complicated type, 
removal or translocation of an interstitial segment from one position 
and Its insertion in another position in the same or a different 
chromosome This last change is less common because it requires 
three breaks 

Apart from a large deletion or a grossly asymmetrical inter- 
change, the results of structural changes cannot be seen from the 
shapes of the ordinary mitotic chromosomes They are, however, 

‘ Mather, 1937 
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charactensticaJly shown by the chromosomes at pachytene m 
orgamsms that are hybrid for them — containing unchanged 
chromosomes and their changed homologues paired in their homo- 



Fig 10 Above, farmation of a loop by pairing of two relatively inverted 
segments in the salivary gland cells of the cross of Drosophila trulanogasUr and 
D simulans (Patau, 1935) Below, the consequences of single crossing-over at 
meiosis in such an inversion hybrid with the formation of a dicentric bridge 
and an acentric fragment 

logons parts We then have a fold formed for a deletion, a loop 
for an inversion, a cross for an interchange, and more complicated 
configurations for more compheated changes (Figs 9 and 10) 
These arrangements are exactly mimicked in salivary and other 
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gland cells in the dipteran flies These undergo a perpetual pro- 
phase, neither mitotic nor meioac, for the nuclei never divide 
again Instead they grow to an immense size, and the chromo- 
somes, stretched even longer than at pachytene, are reduplicateti 
to form bundles of i6 or 32 threads, each chromomere of which 
owing to Its multiphcation appears as a transverse band Attraction 
like reproduction is without hmit homologous bundles pair as 
single threads do in meiosis In Drosophila the centromeres of 
all the chromosomes fuse. The configurations produced in hybnds 
are then just the same as at pachytene, and, although the 
cells have no genetic future, they provide the key to what is 
happemng at meiosis in files where the actual pachytene stages 
are beyond the reach of vision They provide also the means by 
which gene arrangement can be compared in related individuals 
or species The chromomere bands are so large that every group 
of them IS characteristic and recognisable The whole natural 
conditions of vanation m chromosome structure are diagram- 
maucally exposed to view (Fig lo) 

Let us now return to consider the consequences of these systems 
of pairing at meiosis in the hybrid An interchange hybrid will 
have an assoaation of four at pachytene [AB-BC-CD-DA^ 
Fig 9) When crossmg-over takes place in all four pairs of 
segments of the interchange hybrid an association of four chromo- 
somes is formed at diplotene which gives, with complete terminal- 
isation, a ring at metaphase If crossing-over takes place between 
three of them a chain of four is formed These associations behave 
just like mechamcally similar associations in a tetraploid The 
difference in genetic content and in the genetic consequences of 
their movements has no effect on the movements themselves 
We find the same hnear, convergent, indifferent and parallel 
co-orientations With complete terminahsation the convergent ar- 
rangement is the commonest^ It alone can give genetically com- 
plete haploid combinations (AB and CD or BC and DA) These 
alone can survive, the others are defective and come to nothing 
If crossing-over fails between the interchanged segments, as it 
docs when they are short, two bivalents, AB-BC and CD-DA, wiU 
be formed. Segregating at random they will give the competent 
combinations in half the cells and incompetent ones {AB and 
Da or BC and CD) in the other half 

There is a third method by which interchange hybnds give 
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defective gametes If crossing-over takes place between the 
centromeres and the point of interchange {b and d in Fig 9 (11)) any 
orientation gives a regular separation and a competent com- 
bination for only two of the four chromatids at the chiasma Half 
the effects of crossing-over in these interstitial segments are done 
away with 

Moreover if another interchange takes place to give a ring of 
SIX at meiosis another kind of segment is created [x in Fig 9 (111)). 
Crossing-over in this differential segment will also reduce the 
competent combinations to half But those that survive are found 
to have suffered reverse interchange and the selfcd progeny 
arising in this way have a ring of four instead of a ring of six. 

Abnormalities thus result from three causes from the inter- 
changed segments being too short to have crossing-over, from the 
segments proximal to them being long enough to have crossing- 
over, and from the chiasmata resulting from crossing-over not 
being termmahsed Such are the causes of sterility m the inter- 
change hybrid 

The inversion hybrid tells an altogether different story Crossing- 
over between the relatively inverted segments (if they do not 
include the centromere) produces two new chromatids, one di- 
centric, the other acentric At first anaphase the dicentric chro- 
matid IS stretched across the spindle, forming a bridge between 
the two groups of separating chromosomes, and the acentric 
chromatid is left passive on the plate In a grasshopper, where the 
telophase nuclei are widely separated, the bridge is usually broken 
near the middle, m a plant, unless the bridge is short, it survives 
and can still be seen joining the second division metaphase plates. 
When, as m the eggs of Drosophila or the embryo-sac mother cell 
of a plant, the four nuclei that are formed at meiosis lie m a row 
instead of m a square, the two free arms joined to the dicentric 
chromatid pass to the inside two of the four cells Since the end 
nucleus alone usually functions as the egg or spore nucleus, these 
do not show the results of crossing-over m an inversion so readily 
as the male nuclei, which are taken from all four products of 
meiosis 

One crossing-over prevents another near it but two crossmgs- 
over can take place m a long inversion The results depend on 
whether the same or a different pair of chromatids are concerned 
m the two If the same, one will compensate for the other their 
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chiasmata will be reciprocal, normal chromatids will be restored 
and no abnormality will be visible at anaphase If a new pair 
cross over, complementary chiasmata will be formed A double 
bridge and two fragments will be seen at anaphase It can also 
happen that one chromatid crosses over with two different chro- 
matids to give two disparate chiasmata These will again leave 
a single bridge and fragment 

When in addition the dicentric chromatid crosses over proximal 
to the inversion, that is, between it and the centromere, a loop 
chromatid is formed returmng to the same centromere from which 
It came This leaves a fragment at the first anaphase and forms a 
bridge at the second The statistical study of the frequencies of 
these difiFerent kinds of bridge formaaon therefore enables us to 
say what relationships exist between the successive crossings over 
Sometimes the chromatids that have crossed over at one chiasma 
are more likely, sometimes less likely, to cross over at the next 
chiasma The same properties are indicated by linkage studies in 
Drosophila and in the fungus Neurospora 

It will be seen that the results of crossing-over in short inversions 
are always disastrous to the chromatids that have crossed over 
They inevitably lose their ends in the acentric fragment, and they 
may lose more in the breakage of the bridge We must therefore 
make a distinction between real smdeffective crossing-over Crossing- 
over may occur very frequently in inversions, but since its effect 
IS so drastic its result will be either a drastic hereditary change or 
more usually it will come to nothing, the changed cells will die 
Effectively, as in interchange hybrids, crossing-over is suppressed 
It IS suppressed within an inversion but proximal to an interchange 
And an index of its suppression in both cases is usually the 
reduction in fertility of male hybrids 
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HTBRIDS DIPLOID AND POLYPLOID 

Specific kinds of hybndity we now know have specific effects at 
meiosis. Can we use this knowledge to find out how the parents 
of hybnds are related ^ In the simplest cases we can Most plants 
and ammals that are not stncdy inbred are hybrid for several 
structural changes, usually inversions or translocations Crosses 
between speaes are usually even more hybrid In extreme cases 
their behaviour leads to a new kind of result 

Occasionally two relatively, inverted homologous se^ents, 
especially if they are short, instead of pairing in a loop, pair the 
wrong way round so as to continue the straight double thread on 
either side of them Non-homologous genes therefore he side by 
side and no crossing-over takes place within the inversion In a 
similar way pairing may sUp past a pomt of interchange where the 
exchange of partners should take place, the AA and CC systems of 
pairing extending at the expense of the BB and DD (Fig 9 (»)) 
Again non-homologous genes associate This kind of aberration 
demonstrates an important principle We saw that the partner 
chromosomes coiled round one another at pachytene To do so 
they must develop a torsion A piece of stnng under torsion will, if 
Its ends are brought together, pair with itself The association is 
due to torsion, not attraction In a non-hybnd both forces work 
together to the same end In a hybrid they are alternative, and 
where obstacles lie in the way of satisfying the homologous 
attraction the non-specific torsion draws dissimilar parts of the 
chromosomes together 

It IS clear that the obstacles to correct pairing become greater 
where the differences are most numerous This is shown most 
clearly, although mdirecdy, by the chromosome behaviour in the 
sahvary glands of some Drosophila species In D. melanogaster x D, 
simulans the differences are few and simple (Fig lo) In £) 
miranda x D pseudo-obscura, on the other hand, so many changes in 
arrangement have taken place that correspiondmg segments are 
scattered in different chromosomes and sometimes cannot be 
traced. The chromosomes in many cells entirely fail to pair At 
pachytene they would probably piiir at certain points and non- 
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homologous torsion pairing would extend from these piomts. 
However this might be, very litde crossing-over could take place; 
the chromosomes forming no cbiasmata would be unpaired at 
metaphase. These crosses are highly sterile in both sexes.^ 

Such indeed is the characteristic behaviour in crosses between 
species The pairing of the chromosomes is more or less incom- 
plete at metaphase It is also variable from cell to cell on accoimt 
of variations both m the amount of true pachytene pairing and 
in the frequency of crossing-over in the paired parts Thus while 
the chromosomes of Alhum Jistulosum or A. Cepa form one, two 
or three chiasmata, those of their hybrid range from none to three ; 
about a quarter of the chromosomes form no chiasmata and 
are therefore univalent at metaphase * At one extreme in the 
cross between Brassica oleracea and Raphanus sattvus bivalents are 
r2irely formed, while at the other in the cross between Festuca 
pratensts and Loltum perenne the chiasma frequency is scarcely 
reduced and the failure of pairing is as rare as it is m the parent 
speaes These contrasts in crosses between pairs of species with 
the same chromosome number show that the geneuc differences 
underlying the distinctions between these pairs are different in 
kind or enormously different in degree 

When crosses between speaes havmg an intermediate degree of 
abnormcihty are examined in detail the cause of the contrast is 
made clear. In Lihum hybrids the frequency of chiasma formation 
IS reduced And such chiaismata as are formed are largely between 
inversions Inversions <Lre known to impair the assoaation at 
pachytene just as they do m the salivary glands. It is they there- 
fore that reduce the frequency of chiasmata The extent to which 
painng fails is a me£isure of structural hybndity Evidently the 
genetic differentiauon of Brasstca and Raphanus has been accom- 
pamed by structural changes m the chromosomes, that between 
Festuca and Lolium has not 

Since crossing-over is a condition of painng of chromosomes, 
the numbers of chiasmata in the bivcdents are always greater, 
in different individucds or different cells of the same individual, 
where there is a larger proporUon of bivalents formed (e.g in 
Gossypium crosses and m a maize mutant with defective pairing^). 
Where the chiasma frequency and metaphase pairmg are gready 

1 Dobzhaiuky> i937' ' d ^>8 

• Beadle, 1933a 
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reduced, the distribution of chiasmata shows the effects of torsion 
pairing Pairing begins in one part of the chromosomes, usually 
the ends, between homologous parts, and is continued by torsion 
elsewhere Chiasmata are thus restricted to the ends in many 
hybrids such as those between Trtttrum and Aegilops Any re- 
striction of pairing also (for a reason we shall see later) causes a 
localisation of pairing and crossing-over (cf Fig 15) 

Where almost all the chromosomes appear at metaphase as 
umvalents the normal course of meiosis is entirely upset in one of 
three general ways The simplest is that found only in certain 
moth hybrids (e g Pygaera pigra x P curtula) where two effectively 
mitotic divisions replace meiosis The chromosomes, all univalent, 
divide at both A second type is that where all the univalents 
divide at the first division and two nuclei are formed which fail 
to divide again A third type is that where the first division 
instead of the second fails The chromosomes fail to come on to 
the first division plate The spindle stretches as it would at a 
normal anaphase but instead of separating two equal groups it 
merely disperses one scattered group Consequently one or several 
nuclei may be reconstituted If one, then it divides to produce 
two equal nuclei at the second division If several, then many 
nuclei with different and defective numbers of chromosomes are 
formed 

All intergrades occur between these last two types in plants, 
and they show that the difference between them is a simple one 
Where the change in the centromeres of the univalents which 
enables them to orientate and divide takes place early enough m 
relation to the development of the first division spindle this first 
division IS successful and the second is suppressed Where the 
centromeres are too late the first division is suppressed This 
difference between different organisms in the timing of the centro- 
meres of umvalents is found when there are only a few of them 
When nearly all the chromosomes are univalent it dominates the 
conduct of division 

When most of the chromosomes are unpaired a regular result 
of meiosis can thus ensue from its failure as a process of reduction 
and Its replacement by one or two mitoses This non-reduction is a 
characteristic consequence of non-painng in hybrids Non- 
reduction results in the formation of diploid gametes These are 
fertile and yield polyploid offspring, triploid if in one gamete. 
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tetraploid if in both Hence hybrid or allo-polyploids are produced, 
as opposed to the autopolyploids arising from non-hybnd dip- 
loids The same result will follow failure of mitosis in a hybrid 
Take the simplest instance, that of the Raphano-Brassua hybrid 
(jf = 9) The whole i8 chromosomes usually appear as umvalents 
at meiosis, and the effective pollen grains and egg cells have this 
whole complement Thus the diploid hybrid with two sets of 
chromosomes, RB, produces gametes RB from which offspring 
RRBB (4Jc) arise At meiosis the Raphanus chromosomes pair with 
their identical mates and likewise the Brasstca Eighteen bivalents 
are formed, meiosis is regular and its products numerically and 
genetically uniform The hybrid is giant, it is also fertile and 
true breeding as we should expect It is functionally diploid 

(Fig 23 ) 

The behaviour of Primula kewensis is different and specially 
significant The diploid hybrid is a cross between two species, P 
Jlonbunda and P vertiallata, each with 9 bivalents The hybrid 
likewise has regular pairing, but if the members of each pair 
are different in only one segment the chance of recovering a com- 
plete and perfect set of one species amongst the gametes of the 
hybrid would be 1/2* And this recovery would be necessary if 
translocations had taken place between all the chromosomes since 
their common origin 

Both these hybrids are sterile But the sterility of diploid 
Raphano-Brasstca is due to the irregular distribution of whole 
chromosomes while that of diploid Primula kewensis is due to the 
irregular distribution of their parts entailed by the perfectly 
regular distribution of the whole chromosomes themselves 

P kewensis however produces tetraploid shoots by failure of 
mitosis, and like the tetraploid seedlings of Raphano-Brassica these 
are giant and fertile But they are not absolutely true breeding 
As we should expect, the chromosomes of opposite diploid parents 
occasionally pair as well as the identical mates from the same 
species Cells sometimes have one, two or even three quadn- 
valents Thus while usually the tetraploid FFVV gives gametes FV, 
occasionally it gives gametes FF or VV in regard to one or two of 
the nine chromosomes in the set , or if we take crossing-over into 
consideration, in regard to parts of one or two chromosomes Thus 
an allopolyploid like Pnmula kewensis with imperfect differentiation 
of Its chromosome sets characteristically shows a new type of 
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variation arising from the segregation of differences between the 
chromosomes of its original diploid ancestors And the diploid 
ancestors of an allopolyploid species may be very remote 

Now, It may be asked, how can the chromosomes of vertiallata 
so generally fail to pair with those of flonbunda in the tetraploid 
although they pair regularly in the diploid^ We saw that in many 
diploid hybnds the chromosomes pair regularly at metaphase m 
spite of obstacles to complete pairing at pachytene We also saw 
that pachytene pairing must be much more rapid where there are 
no such obstacles When therefore there are four chromosomes of 
each kind capable of pairing, two somewhat different in structure 
from the other two, we should expect the similar pairs to be so 
quickly associated that the dissimilar pairs would come together 
only occasionally When chiasmata come to be formed the dis- 
crepancy is likely to be exaggerated, very small segments falling 
apart without chiasma formation Thus competition in pairing will 
give nse to what may be described as differential affinity Dis- 
similar pairs of chromosomes that are capable of association in a 
diploid, where there is no competition, will fail to assoaate in a 
tetraploid, where each has an idenbcal mate 

The consequences of competition are shown in the analysis of 
polyploids as well as in their synthesis Most flowcnng plants can 
give rise occasionally to seedlings by “haploid” parthenogenesis 
That is to say the egg cell with a reduced number of chromosomes 
develops direcdy without fertilisation An allotetraploid Nicotiana 
Tabacum which regularly forms 2x bivalents and no quadnvalents 
gives rise in this way to a diploid which has several bivalents 
Chromosomes pair in this diploid in the absence of competition 
which never pair in the tetraploid The hexaploid Solanum 
nigrum (6* = 72) with no multivalents gives by parthenogenesis a 
tnploid (3 x = 36) which has complete pairing of two sets of 
chromosomes Similarly it often happens that two species, hexa- 
ploid and diploid, like Prunus cerasifera (2X= 16) and P domestwa 
(6jt = 48) crossed give a hybnd which behaves like a regular 
allotetraploid species, forming the diploid number of bivalents 
It IS not surprising therefore that allopolyploid species are liable 
to occasional lapses from their excellent diploid behaviour Chromo- 
somes of different sets pair and cross over, secondary segregation 
of ancestral diploid characters takes place and a new kind of 
variation appears. This is most frequent in relatively new poly- 
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ploids like Nuottana Tabacum and Tnttcum vulgare and leads to a 
different variation system from that of diploid species 

The kinds of polyploid species of plants illustrate in several ways 
the processes of natural selection to which their variations have 
been subject Most such species are allopolyploid A few are 
autopolyploids, and they often occur side by side with their 
diploid ancestors These autopolyploids are of two kinds They 
may depend largely on vegetative reproduction, in which case the 
lower fertility of the original autopolyploid is of htde account 
This IS true in moderate degree of tetraploids like Tradescantia 
vtrgtniana and in an extreme degree of tnploids like Lilium 
tignnum which exist purely as vegetative clones Alternatively 
they may change the pairing habit of their chromosomes The 
number of chiasmata may be reduced to one for each chromosome 
so that no quadrivalents can be formed This happens to a vaiying 
extent with the tetraploid species of Tulipa ^ The same result 
can be attained in another way The species Dahlia vanabilts 
(8t - 64) is functionally an autotetraploid That is to say it 
has random segregation of genes in fours and forms frequent 
quadrivalents Nevertheless meiosis regularly yields 32-chromo- 
some gametes This is made possible by the regular formation of 
one chiasma in every chromosome arm and its regular terminahsa- 
tion The quadrivalents are therefore always rings and these co- 
orientaie convergently to give even segregation ^ Thus repro- 
duction from seed means inevitably selection for fcrtihty and this 
IS achieved in an autopolyploid by abolishing multiple pairing 
How common this type of selecuon may be in plants with smaller 
chromosomes we do not yet know 

Both in auto- and allopolyploid forms selection also apparently 
acts to remove the original gigantism, partly or entirely, polyploid 
species may be even smaller than their diploid ancestors In Silene 
ciliata two similar types exist in different localities, one with 24, 
the other with 192 chromosomes In such species important 
genetic changes must be necessary for the behaviour m polyploid 
cells to be adapted to the reproductive needs of the plant The 
absence of polyploidy in certain groups of plants, such as Ribes, 
IS less likely to be due to a failure to produce polyploid shoots or 
to a regular perfection of meiosis than to the failure of these 
genetic adaptations. 

• Upcott, 1939 


• Lawrence, 1931 i 
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P AiLURE of pairing of two chromosomes is found at meiosis in 
most diploid plants and animals from time to time owing to one or 
more of several conditions such as senility, abnormal temperature, 
hybridity and even a mutant genotype Hence germ cells arise 
with one chromosome too many or too few In the higher plants 
where the haploid generation goes through several cell divisions 
those cells with a chromosome missing from the haploid set never 
go any further They die Those with the extra chromosome live, 
and often provide functional gametes, especially on the female 
side where the haploid generation is less important This differ- 
ence of behaviour may be seen most readily in species of Oenothera, 
where x+ i and x— i germ cells are regularly produced and give 
rise to trisomic {<2x+ i) offspring only This natural selection tells 
us that the whole haploid set is necessary for life and development 
in any diploid organism In fact the haploid set may be defined 
in this way as that group of chromosomes which is necessary for the 
full development of the haploid generation or when added to 
another similar set is necessary for the full development of the 
diploid generation Clearly this is bound to be so, for any chromo- 
somes that can be lost without disadvantage from the haploid set 
are bound to be lost by chance irregfulanties sooner or later The 
haploid set is an adaptive unit The selection works at once on 
the newly formed pollen grains Only once has an x — i pollen 
grain been seen to go through its first mitosis (in Uvularia) and 
then It was still exceptionally attached to a complementary x+ i 
pollen gram 

We should expect, in view of this defect of the x— i germ cells, 
to find that 2x — i zygotes are never produced This is true except 
where the missing chromosome is extremely small, as happens in 
some species of Drosophila or where competition is eliminated by 
killing the normal germ cells with X-rays in ^^a Mays. Nor is it 
surprising to find that such monosomtc zygotes are of feebler growth 
than the straightforward diploids It is, however, something new 
and significant when we find that the complementary type of 
trisomic plants and animals are also of feebler growth , and further 
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that each of the different chromosomes of the haploid set when it 
IS present in excess gives a different type of abnormality In the 
tomato {Solarium Lycopersicum) with twelve pairs of chromosomes, 
twelve kinds of tnsomic occur, recogmsably different in the shape 
of their leaves 

When we recall chromosome behaviour at meiosis we see how- 
ever that this specific and different physiological action of each 
chromosome is not in fact an isolated property every member of 
the haploid set has a specific and therefore a different property 
of attracting a mate at meiosis The physiological differentiation 
of the chromosomes could have arisen in a sexually reproducing 
organism only if it was coupled with a mechamsm securing the 
segregation of similar chromosomes to opposite poles in meiosis 
And both must depend on the specific and different properties of 
the individual particles which make up the chromosome chain 
and which associate independently at pachytene in polyploids, 
as the changes of partner they undergo most clearly demonstrate 

These considerations lead us further If the differences between 
the chromosomes depend on differences between the chromomeres 
which make them up, perhaps losses and gains of single chromo- 
meres will also produce a physiological effect There are now a 
large number of observations bearing on this question in Droso- 
phila We find that losses of certain chromomeres are almost as 
injunou' to the organism as losses of whole chromosomes When 
the deficient zygote produced is hybrid for the loss (corresponding 
to Qx — I ) It IS of poorer and abnormal growth When it is pure for 
the loss (corresponding to 2x — 2) it dies at any early stage The 
condition is lethal In plants such deficiencies affect the haploid 
generation as well In they kill the pollen and injure the 
eggs ^ 

Now It will be seen that loss of a chroraomere or a small segment 
of chromosome, which we earlier referred to as deletion, will 
behave in inheritance like one of Mendel’s alternative factors 
The pure form is lethal while the hybrid crossed with the normal 
will give a I I proportion of the hybrid and pure types in the 
progeny Several different mutations of Drosophila such as “Notch ” 
wings are known to be due to this kind of change The gap can 
be seen in one of the pairing chromosomes in the salivary glands 
of the hybrid just as it can be seen m the pachytene chromosomes 
‘ Rhoades and McClintock, 1935 
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of Zea at the place expected from study of the factor linkages m 
breeding experiments 

But till the different chromomeres are not equally indispensable 
They are different in their work and also different in their 
importance There are even some whose loss has no observable 
effect on the orgamsm It can be pure for this loss and show no 
defect Evidendy such chromomeres or genes are inert They are 
physiologically so much useless ballast No chromosomes of the 
haploid complement can, by the definiuon we used earlier, consist 
entirely of such genes, all chromosomes probably have a few of 
them, since they can be lost only by a chance deletion which does 
not include any valuable neighbours They are, however, so 
frequent that we must suppose they often have some use Later we 
shall see that parts of chromosomes which have no physiological 
use may be needed mechanically Parts of chromosomes where 
inert genes are crowded may be recognised by their differential 
reactivity under special treatment The inert parts, for example, 
may be made to stain more deeply at telophase in mosses and 
regularly stain less deeply in the salivary gland cells of Drosophila 
This is important not merely as a firactical means of detection but 
because it shows that the staining reaction and the physiological 
action are related Both perhaps depend on the presence or 
arrangement of side chains attached to the mam chromosome 
thread ^ 

Entirely inert chromosomes have been found in many species in 
Hemiptera and Orthoptera as well as in flowering plants They are 
not members of the haploid complement and they vary in number 
in different individuals, one, two, three or more of a kind They 
are usually smaller than any members of the normal complement 
Such supernumerary fragment chromosomes, as they have been 
called, may be present to the number of 20 in some strains of 
Zeo- Mays and also in the only known stocks of Tulipa galalica We 
then find that they vary in number in different mitoses The 
reason is that the centromeres of these chromosomes are not 
accurately synchronised with those of the ordinary complement 
They may divide too early or too late This may be due to their 
small size or to an abnormal surface action of their inert genes 

How do these supernumeraries arise ^ Breakage of bridges 
following crossing-over in inversions is continually taking place in 
' Heitz, 1935, Darlington and La Cour, 1938 
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most organisms If the centric fragment passes to the same pole 
as Its unbroken sister and hapjiens to be inert it will be capable of 
surviving as a supernumerary Since small inert extra chromo- 
somes have been found m some forty species of plants and 
animals it seems likely that the part of the chromosome near the 
centromere is usually inert 

The plants with this enormous excess of inert chromosomes 
show no external abnormahty and the freedom with which they 
vary m number shows that no selection is working against them. 
Quite otherwise is the condition with extra active chromosomes 
Often tnsomic plants of poor growth will sport a shoot of normtil 
and vigorous diploid tissue Such a sport will soon dominate the 
situation and overwhelm the abnormal plant from which it 
was derived Tnsomic shoots appeanng on diploid plants on the 
other hand are almost unknown, monosomic ones entirely so 
The reverse change is always to be inferred Any irregulanty in 
cell division is controlled by the regularity of cell selection. 

Since all somatic changes in number arise from the same type 
of mechamcal defect at mitosis it is evident that the different types 
of cells compete in the menstem The normal is then nearly always 
selected at the expense of the abnormal by a departure from the 
strict rules of development expected in a genetically uniform 
tissue The result of this is shown most strikingly by high polyploid 
mosses and flowering plants with odd chromosomes beyond a 
multiple of the btisic set These odd chromosomes are lost m 
development the combination of mitotic errors and cell selection 
produces a genetic regulation of the plant 

Thus a normal type of growth m all groups of organisms is 
produced by a modal chromosome consutution which is what we 
call haploid in the gamete and diploid in the zygote Further this 
modal constitution is adaptive, it is actively maintained by se- 
lection and must therefore have been originally firoduced by 
selection of variable combinations This modal adaptation or 
adjustment is known as balance 

The kind of physiological processes underlying the attainment 
of balance can be shown by considering the actions of particular 
genes * Dahlia vanabtlis behaves as an autotctraploid in in- 
heritance Each gene can be present in none, one, two, three or 
four doses, none being the pure recessive, four the pure dominant. 

* Lawrence and Scotl-Moncneff, 1935 
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Take the combinations of two genes affecting pigment production, 
B and /, in plants which are purely recessive for all other such 
genes The pigments concerned are the anthocyamns, pelargomn 
and cyamn, and the flavone apigcmn We have the following 
combmations * 

bJi^• no pigment — white petals 

cyanin alone — chocolate petals 
apigemn alone — ivory petals 
BbJ^ cyanin + apigemn — ^purple petals 
Bb^gi • cyamn ( + pelargomn) + apigemn — magenta petals 
B^b^2h' pelargomn ( + cyanin) — carmine petals 

We see that B and I, which separately or together in low dosage 
produce cyanin and apigemn, in increased dosage produce pelar- 
gonin and at a certain threshold suppress the flavone production 
altogether The reason for the relationship in this case is indicated 
by other evidence to be the development of the anthocyamns 
and flavones from sugars through a common antecedent, and the 
greater divergence of pelargomn than cyamn from this common 
antecedent ^ A change of quantity as well as a change of pro- 
portion leads to a change of quality in the product Balance 
therefore depends on absolute quantities and on relative quantities 
of individual genes. 

Most changes of balance due to gains or losses of whole chromo- 
somes, or of small parts which behave as Mendchan changes, are 
deleterious simply because they have usually occurred before and 
would themselves have become the mode if they had not been 
deleterious They have been tried in the past and found wanting 
But changes in balance nevertheless have occurred in the past 
which were tried and found good They have happened chiefly 
by structural change and by polyploidy 

When a small segment x is translocated from a chromosome A 
to a chromosome B a hybrid nucleus is produced with four 
chromosomes which we may call A^B AB^ This will produce 
gametes as well as AB from which pure zygotes with four x 
segments will arise, A^A^B^B^ In a word the x segment has been 
reduplicated The type is unbalanced in regard to a single segment 
Such new types have arisen in Drosophila melanogaster where re- 
duplication of a particular segment produces a narrow “Bar” eye 

' Robinson, 1936, 
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and a double reduplication a typie of lower vigour with an even 
narrower eye known as “Super-bar” When the structure of the 
salivary gland chromosomes in different Drosophila species is 
examined, small repeats of similar sections are found, indicating 
that this kind of change has taken place freely in the past Thus 
we cannot suppose that the haploid set contains one gene of every 
kind It must contain only one gene of some kinds, but of others 
two, three, four, or more In fact the distinction between diploid 
and polyploid species in general will be less in the number of 
genes of each kind than in the number of chromosomes of each 
kind 

The existence of reduplications and replacements within the 
haploid set of genes warns us that many identical pairs of genes 
need not be Mendelian alternatives and many alternatives need 
not be identical or even closely related in ongin Alternative 
inheritance of genes depends no less on the identity of the genes 
whose inheritance is being studied than on their linear sequence 
It IS a function of position in the chromosome 

The consequences of reduplication are seen at meiosis in the 
flowering plants, where it often happens that two reduplicated 
segments within the same set cross over and form a chiasma In 
fact in haploid plants of Oenothera it happens that two chromosomes 
form chiasmata Again we see the defimtion of a haploid set is 
not a matter of absolute analysis but of functional convemence 

This leads us to consider whether changes in balance of chromo- 
somes of the basic haploid set are not possible Related species like 
Crepts capillans (n = 3 , and C tectorum [n = 4) often have different 
basic numbers But u is not necessary to suppose that any serious 
change of balance is involved in the change of number Four 
chromosomes can be derived from three by a change akin to 
simple breakage The fourth chromosome may begin as an inert 
supernumerary which afterwards by translocation of an active 
segment becomes a necessary part of the haploid complement 
Since so many species are known with such supernumeraries, this 
method of changing the chromosome number of the basic set is 
probably the usual one 

A second method of change involves a change of balance and 
consists in the mere reduplication of whole extra chromosomes 
In Datura Stramonium (« = 1 a) trisomic plants produce among their 
seedlings tetrasomics which have two extra chromosomes both of 
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the same type This happens only with a few of the smallest extra 
chromosomes They can have 1 1 bivalents and one quadrivalent, 
or 13 bivalents These plants being much more senously un- 
balanced than the corresponding tnsoraics are of poor vitality and 
scarcely set seed However when we begin with a tetraploid the 
unbalance produced by two extra chromosomes is not so violent 
The proportional upset corresponds with that in a tnsomic dip- 
loid It is not surprising therefore that it has been possible to 
derive a new type in this way from an allotetraploid species, 
Nicotiana Tabacum (4x = 48) This new form is hexasomic, having 
an extra pair of chromosomes derived from crossing with N. 
sylvestns One type of chromosome is represented six times and the 
other eleven four times Its complete constitutional formula may 
be represented as an = 4* + 2 =50 It has a new or secondary 
basic number of 25, and its external appearance diverges from 
that of species with the old primary number of 1 2 Such a plant 
may be described as a secondary polyploid 

This type of change, which has been carried out with several 
species in experiment, has no doubt played an essential part in 
the origin of many species It will often determine an important 
change of form at the same time as interstenlity with the old type 
When there appears m a group a new basic number which is 
not a direct multiple of a lower one we may therefore suspect 
this kind of change But other changes can be responsible Merc 
fragmentation without change of balance (Fig 19), either directly 
or by combination of diploid species with different basic numbers 
giving dibasic polyploidy, as in Saccharum and Narassus, must be 
excluded We have therefore to apply several tests, of which two 
may be mentioned. 

In the first place the change must be a change in a polyploid, 
and in a group in which changes in the basic numbers of diploid 
species occur rarely, if at all This is true of many groups of 
flowering plants, such as the Rosaceae 

In the second place a special relationship of the chromosomes 
must be seen at meiosis In allopolyploids where the chromosomes 
are small and contracted to a spherical shape the homologous 
bivalents do not form multivalents but come to he next to one 
another on the metaphase plate and closer together than do 
the non-homologous chromosomes Groups of three or four bi- 
valents may appear in this way in hexaploids or octoploids, but 
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the associations are vanable, depending on the chances of the 
right pairs lying near one another during the preparatory stages 
of metaphase when the bivalents all come close together Evidently 
a specific attraction, like that which brings chromosomes together 
at prophase, is apparently acting at a distance to modify the even 
eqmlibrium on the metaphase plate It does not show itself so 
readily at mitosis, or at meiosis when the chromosomes remain 
long, because presumably they offer more resistance to movement 
In a secondary piolyploid we can recognise the numbers of 
chromosomes of each type by their association in this way Thus 
in Dahlia all the species have a basic number of eight^ except one, 
D Merckii, which has 36 chromosomes Its haploid complement 
of 18 IS not derived from one of 16 by fragmentation, because there 
are two associations of three equal bivalents together with six 
associations of two bivalents Its formula is 

2n=4;H-4 = 36 

This species stands alone in the genus in its morphological 
character It is evidently a secondary polyploid 

Taking even larger groups we can acquire not less certainty but 
more where the secondary polyploid type is absolutely constant 
This IS the case with the Pomoideae The rose group of the Rosa- 
ceae show a constant basic number of 7, the apple group, em- 
bracing hundreds of species, shows an equally constant basic 
number of 17 Chromosome behaviour makes it clear that the 
formula of the apple is 

2/1 = 4* + 6 = 34 

It is to this change in balance from 7 to 17 that we must suppose 
the apple and hawthorn owe their distinctive fruits 

The secondary polyploid therefore has a secondary balance 
The original balance has no absolute validity It merely repre- 
sents a tested combination, a tested proportion Just as the wild 
type of genes work better under wild conditions than the mutant 
types usually do, so the wild type of balance works better than a 
new type of balance If the wild type did not do so it would soon 
cease to be the wild type The inefficiency of most mutants is a 
corollary of the efficiency of natural selection When the mutant 
gene or secondary balance appears which is not inferior it survives 
and a new step in evolution is made 

* Lawrence, 1931 A 
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Naturally we cannot expect that the evolutionary story will 
often be as simple as this, and no great interest attaches to the 
tracing of phylogenies which are more conjectural No doubt 
many are intermediate between the simple types we have chosen 
for demonstration It is merely necessary to establish the principle 
that evolutionary changes can take place by large as well as by 
small changes of balance and that alteration of the basic number 
of chromosomes may occur with or without such changes 



CHAPTER X 


THE ATOM OF GENETICS 

We are now in a position to discover more exactly what some of 
the hereditary differences that are subjected to breeding tests 
mean in terms of the chromosomes whose changes are responsible 
for them 

An interchange hybrid {AB + CD) {30 + DA) produces two 
kinds of regular gametes, the same as those from whose fusion it 
arises, AB + CD, z.T\d BC + DA (Fig 9) It consequendy produces 
offspring of three kinds {AB + CD) (AB + CD) (pure), (AB + CD) 
{BC + DA) (hybrid) and (BC+DA) {BC + DA) (pure) It pro- 
duces them in the proportion i 21, the Mendehan proportion 
for an F^. But it also produces unworkable combinations by 
what is called non-dtsjunctwn of the pairing segments when the co- 
onentation of the nng of four is parallel instead of convergent 
These combinations are defective and sterile The interchange 
hybrid is therefore recognisable by its partial stenhty and we 
rmght ascribe the inheritance of this sterility as due to a gene 
difference S-s which in the hybrid condition gave sterility although 
SS and ss were fertile In fact this kind of explanation was used 
before the meaning of the chromosome behaviour was under- 
stood 

A more widely known type of Mendehan difference is that 
produced as we saw by a deletion (or duplication) of a small 
segment Such deletions were at first described as gene mutations 
before closer linkage studies showed them to be due to loss of a 
small segment, a conclusion whose rightness was finally demon- 
strated by direct study of the salivary gland super-chromosomes ^ 

But recent cytological study has gone much further than this 
in revealing the material basis of variation The inversion of a 
segment of the X chromosome of Drosophila melanogaster (arising 
from X-ray treatment) produces in the true-breeding condition a 
roughness of the eye surface This may be regarded as a recessive 
mutation located at one of the points of the breakage which 
led to the inversion But it happened that, in a stock of flies hybrid 
for this inversion, a reverstil of the inversion took place, the new 
* MuUer and Prokofyeva, 1 935 
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change was the exact reciprocal of the original structural change 
At the same time the mutation disappeared Evidently the genetic 
change was direcdy determined by the change in the linear order 
of the particles at the break It could be due only to the physio- 
logical action of one gene depending on the proximity of another ^ 
How important this principle of the position effect may be we do 
not know, but it probably applies to many pairs of genes in linear 
proximity in the chromosomes in Drosophila and presumably 
therefore elsewhere When an interchange takes place a genetic 
difference appears and the pure interchange type may even be 
lethal The behaviour of the Bar gene already relerred to 
illustrates the point in another way As we saw, Bar is due to 
the reduplication of a segment Two segments immediately 
adjoimng repeat one another, like abcdcdef When the fly is pure 
for Bar it sometimes happens that crossing-over takes place be- 
tween the right cd of one chromosome and the left cd of the other, 
so that a new chromosome is produced with three cd segments 
A fly hybrid for normal and this “Super-bar” then has four cd 
segments like a simple pure Bar fly But it shows the Bar 
character more strongly It htis fewer eye facets The relative 
position of the cd segments affects their action 

We have already seen that the individual particles or genes 
making up the chromosome, although units of inheritance separ- 
able by crossing-over, are not units in regard to physiological 
action They interact throughout development We now see that 
they interact even inside the nucleus They are balanced or 
adjusted therefore in “normal” or “wild-type” members of the 
species, not only in their proportions but also in their positions 
on the chromosomes Even more important, we see that Mende- 
lian differences may be determined in three recognisable ways by 
mechanical defects in segregation, by proportion changes, by 
position changes All these three are determined by changes in 
the linear order of the particles, by intergenic change 

It might indeed be thought that such changes between genes 
were important enough in their action to account for the whole 
range of variation observed now and inferred in evolution But 
this cannot be true Changes of arrangement and balance can 
effect genetic changes only by virtue of differences between the 
particles that are rearranged or rebalanced The specific pro- 
* Gruncbcrg, 1937 
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parties of mutation known in many genes justify this conclusion 
The specific attracaons between homologous particles in the 
chromosomes bear it out Specificity imphes diversity 

The genes making up the chromosomes must therefore be 
different They must also be capable of giving rise to one another 
by their specific and limited steps of mutation unless we assume a 
special creation of each gene There must therefore be a process of 
intragenic change, change which is quahtative and molecular, as 
well as one of intergenic change which is structuial and super- 
molecular. 

This distinction is strict and indisputable in theory, although in 
practice it only separates the known from the unknown We know 
which mutations are undoubtedly intergenic, we do not know 
which are undoubtedly intragenic There is no means of dis- 
tinction by physiological effect and we cannot see whether a 
single gene may have been turned the other way round or have 
lost an attached radical 

Let us now consider how the gene is inferred Mendel ascribed 
the cause of the discontinuities which he discovered to incorporeal 
“factors”, As soon as it became possible and necessary to relate 
these factors to particular cells it also became possible and 
necessary to allow them a material character This Johannsen 
did by giving them the name of genes These Mendel genes were 
obviously umts of recombinauon and mutation Their position 
and structure Johannsen did not define But he went so far as to 
suggest that the genotype was “the sum total of all the genes” 
He was assuming implicitly that the whole hereditary substance 
consisted of particles analogous to those whose differences made 
the direct inference of genes possible He was also assuming, 
and again imphciUy, that there were units of mutation which 
corresponded one to one with the umts of heredity 

These implications of the Mendel gene were partly made clear 
by Morgan ^ The chromosome was shown to be the vehicle of 
heredity The chromomere of cytology showed paiticulate in- 
heritance, the segregation of differences showed particulate 
variation The two were consistent and piovided a theoretical 
model on which nearly all predictions could be based in experi- 
mental practice The gene became the unit of crossing-over 
Later work has entirely vindicated the concept of the Morgan 

* Morgan, igjO 
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gene as a unit of inheritance But it has equally invalidated this 
particle, or indeed any particle, as a unit of variation, for this 
reason any one particle can cause variation in several different 
ways, bychangesin quantity, in quality and in position Further the 
co-existenceof these three types of variation affects the practical use 
of crossing-over as a means of determimng the umt of inheritance, 
in this way an inversion may cause a mutation and at the same 
time suppress crossing-over within the inverted segment in any 
organism hybrid for the change, i e in any organism in which 
the effects of crossing-over could be detected If there is another 
mutation within this segment the two will appear as a single umt 
of crossing-over The suppression of crossing-over by structural 
hybridity and the position effect therefore destroy the umt of 
crossing-over as a reliable index of the gene 

These conditions are of practical importance m two other ways 
When a chromosome, or part of one, is wholly inert and shows no 
variation within the species, how are we to lepresent its structure 
in terms of genes ^ When a differential segment in an interchange 
hybnd {x in Fig 9 (111)) never crosses over with its homologous 
segment although they may differ in genetic action, again, how 
are we to represent its structure^ 

These questions can be answered only if we can control the 
mutations of the gene and relate them to the observable structure 
of the chromosome, and thus mtike its diagnosis independent of 
the tests of crossing-over and undefined mutation 

This has been done by Muller’s introduction of the new 
techmque of X-ray treatment The distal end of the A'chromosome 
in D melanogaster contains a group of chromomeres, changes in 
which affect the type of bristles on the thorax, producing the so- 
called “scute” mutations The number of bands in this region 
may be determined most exacdy by ultra-violet photographs This 
number will be a minimum estimate, since some bands may be too 
small for resolution The number of breaks which can occur in the 
same region under the influence of X-rays can be determined by 
examimng the chromosomes of all flies affected by treatment, 
and by testing the viability of derivatives with different recom- 
binations of breakages The number of different pom ts of breakage 
shown by specific physiological effects is not less than the number 
of chromomeres seen in photographs ^ 

* Muller and Prokofyeva, 1935 
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The unit of behaviour in the chromosome, the atom of heredity, 
can therefore be defined without regard to crossing-over It is a 
visible particle which is also a unit of X-ray breakage A particle 
subjected to this double test can legitimately be described as a 
gene, the Muller gene The differences seen between individuals, 
inherited m a Mendelian way and behaving as units of crossing- 
over, cannot be treated as due to specific changes in these genes 
until It IS known that they are not changes of position or pro- 
portion They must remain Mendelian factors, factors whose 
origin IS probably in most cases (especially where the change 
arises with a specific mutation rate, or is regularly reversible or 
occurs in a multiple series) an intragenic change, but whose nature 
must without cytological tests be left undefined 

Nor can we say that particular observed chromomeres are 
genes without genetic tests The Muller gene depends for its 
validity on the double test Armed with this decisive weapon we 
can now attack the hitherto evasive problem of the gene structure 
of chromosomes which are beyond the reach of crossing-over and 
mutation Since genes correspond with chromomeres or parts of 
chromomeres wherever it has been possible to test them and since 
all chromomeres share with all genes the same essential properties 
of attraction, reproduction and linear arrangement, we can sav 
that all chromomeres or parts of chromosomes, irrespective of the 
possibilitv of testing their recombination by mutation and cross- 
ing-over and irrespective of their having any phvsiological action, 
are composed of genes These dynamic tests are limited bv cir- 
cumstances The static test of visibilitv is unconditional and there- 
fore alone capable of universal generalisation 

Different genes differ in size The same genes also may appear to 
occupy different spaces owing perhaps to varying surface con- 
ditions Hence many different estimates of the sizes of genes * 
Howevc the smallest space it can occupy will give a maximum 
estimate of the size of the gene It is found in the mitotic chro- 
mosome Vhich IS also more exactly measurable than anv other 
gene aggregate Dividing the number of chromomeres of the 
third chromosome of Drowphila melanogaster visible in the salivary 
gland nuclei (say 2000) into the volume of the metaphase chro- 
matid of this chromosome at mitosis (say 60,000,000 cu m/i) we 
obtain the value of (30 mp)® for the average volume for the gene, 

‘ Waddington, 1939 
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together with the minimum space into which it can be fitted 
This IS the size attributed to the largest particles of plant viruses. 
We shall return to this analogy later 

The correspondence of visible particles and u^its of breakage 
gives us the answer to the question as to how differential and inert 
segments are made up They consist of genes whose number may 
be estimated from the comparison of the number of their chromo- 
meres with that in chromosomes whose gene content can be 
directly tested It follows that inert segments of chromosomes in 
Drosophila, Z'^a and elsewhere must contain large numbers of genes 
which have mutated to inertness It also appears that in doing so 
these genes have lost their capacity of mutating back to an active 
form Inert genes have lost the reproductive instability as well as 
the reactive capacity characteristic of their working progenitors 
Recapitulating, there has been a contradiction of method in 
the inference of the gene, a contradiction inherent in the technical 
difficulties of investigation It was at first assumed (very properly, 
on Occam’s principle) that a particulate heredity implied parti- 
culate variation We now know it does not Visible particles can 
change in more than one way to produce hereditary variations 
Some of these ways prevent such particles behaving as umts of 
crossing-over It is only possible therefore to take a unit of 
breakage by X-rays as having an unconditional validity Such 
an atom of heredity shows a one-to-one correspondence with the 
observed particle It is the gene of physics, biologically absolute 
This gene is a unit of heredity because it is mechanically 
separable from other genes in heredity, that is, in cell division 
It IS not and (unlike pre-Mendelian physiological units) was never 
supposed to be a unit in development The whole of development 
consists in the interlocking reactions of genes, beginmng inside 
the nucleus with the position effect and ending in the relationships 
expressed by the general principle of balance The great achieve- 
ment of genetic analysis has been in reconciling these two apparent 
contradictions in the properties of the genes, their independence 
in heredity and their integration in development. 
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CHROMOSOME MECHANICS 


Nuclear division, both mitosis and meiosis, consists of a senes 
of co-ordinated changes and movements in and around the chro- 
mosomes The co-ordmations seem to be, some of them, inherent 
in the system, and others, capable of being broken down in special 
circumstances The information to be gained from these co- 
ordinations and breakdowns, combined as they are with a great 
array of known structural and genotypic condibons and with 
certain physical expienments, enables us to infer the agencies at 
work. 

Changes in shape of the chromosomes are, as we have seen, due 
to internal movements in the chromosome thread — the spirali- 
sauon cycle This cycle consists m imtosis of the assumption of a 
regular system of coils in each chromatid whose diameters increase 
and whose number decreases, both before the metaphase rod 
shape IS assumed and while it is disintegrating as a relic coil at 
telophase and the following prophase Why, it may be asked, 
should this uncoiling of the chromosomes of one mitosis be post- 
poned to the next^ The rate of uncoiling of different parts of the 
same chromosome is unequal This shows that it depends on the 
chances of spatial distribution, that uncoiling is indeed limited by 
the confinement of the chromosomes in a restricted space, the 
resting nucleus They are not free to move in response to their 
changing internal stresses as though they were in vacuo They 
show a lag therefore in their adjustments to these stresses which 
may be compared to the hysteresis of non-living systems 

At meiosis each chromatid similarly assumes an internal coil, 
but here we can see in the larger chromosomes that within the 
major spiral another minor spiral is developed, a spiral of smaller 
diameter which no doubt begins to be formed when the major 
spiral has reached a certain diameter Whether the slenderer 
mitotic chromosomes also include both orders of spiral formation 
we cannot yet say 

Since, m spite of the different amounts of coiling to be done, 
large and small chromosomes spiralise at the same rate, it is 
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clear that this coihng is not conditioned externally by a method 
involving rotation of the ends. It must be directly due to an 
internal change which compensates for it spatially, rendering a 
rotation of the ends unnecessary This argument is clinched by the 
fact that ring chromosomes without any ends (resulting from 
crossing-over between translocated segments) are capable of 
coiling and uncoiling as freely as rod chromosomes Such a 
compensating system of coihng we may describe as a molecular 
spiral whose torsion must change subject to changes in the sub- 
strate 

What changes take place in the substrate are shown by the 
external movements of the chromosomes The first and simplest of 
these is that at the early prophase of meiosis We have seen that 
this may be described as the result of an attraction which is specific 
and exists only between pairs of genes This attraction is satisfied 
at mitosis by the previous division of each chromosome into 
two chromatids At meiosis, prophase begins before the chromo- 
somes divide Corresponding pairs of chromosomes therefore come 
together to produce the same equilibnum as that in mitosis When 
later they divide, the chromosomes fall apart The same attraction 
works therefore at all stages in the prophase nuclei of mitosis and 
meiosis, and meiosis is distinguished from mitosis by the precocity 
of the beginning of prophase in relation to the division of the 
chromosomes This initial precocity has its effects on all the sub- 
sequent stages of meiosis and later we shall see how their variations 
provide us svith a test of the theory 

It need not be supposed that the primary specific attraction 
between genes acts at any great distance, since the chromosomes 
are brought together in pairing by their chance proximity at a 
few points from which the pairing spreads The residual attraction 
which is responsible for secondary pairing and is also specific to 
like pairs of bivalents on the other hand seems to be exerted at a 
considerable distance although it may be derived from an earlier 
close association 

Between the pairs of threads, chromosomes or chromatids, 
associated by the primary attractions there exist at all stages 
repulsions of varying strengths They express themselves not by 
violent changes, since they are always acting, but rather by the 
maintenance of uniform spacing of the chromosomes in the pro- 
phase nucleus, on the metaphase plate and on the anaphase 
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spindle. This repulsion is to be expected from the surface chafge 
on the particles of an amphoteric electrolyte in a substrate not at 
Its isoelectric point It is analogous to the repulsion which pre- 
serves the suspension of colloidal particles Its variation is to be 
expected from variations in the of the substrate If, as there is 
reason to suppose, the chromosome is a chain molecule, then 
variation in repulsion might be expected to produce the changes 
of shape we have seen in the spiralisation cycle by changing the 
equihbnum between successive side chains. 



Fig 1 1 Above, the stages of temunalisauon in a bivalent with three chias- 
mata Below, the nietaphasc configurations produced when terminalisation is 
interrupted at early or late stages The three types are Fnlillarm, Tultpa and 
Campanula in plants, or Chysochraonj Chorthippus and Acndiwn in animals 

The evidence of this inevitable co-ordination is to be obtained 
from the later stages of prophase The occurrence of the move- 
ment of chiasmata then shows us that the centromere has a stronger 
effect than the body of the chromosome, owing presumably to its 
special chemical character In various abnormal animals and 
plants, c g the male Macronemurus and the male-sterile sweet pea 
[Lathyrus odoratus) a higher terminalisation is correlated with a 
greater spiralisation of the chromosomes The body repulsions of 
the chromosomes can be shown to assist in this movement, sinee 
the chiasmata of two ring bivalents in Tulipa show more move- 
ment if they are interlocked than if they are free (Fig 1 1). 
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The greatest advantage is to be had from comparing the 
behaviour of bivalent chromosomes inside the prophase nucleus 
with that on the metaphase spindle. Inside the nucleus the 
bivalents show no orientation On the spindle all their pairs of 
centromeres are co-onentated axially When an orientated 
structure is obvious in the spindle before the chromosomes come 
on to it we must suppose that the co-onentation of the chromo- 
somes depends on that of the spindle Since the centromeres of 
the bivalents which become orientated move farther apart, i e do 
work, we must suppose that they become orientated because by 
doing so they reduce their potential energy Further, since they 
can do this work only by remaimng on the spindle, we must 
suppose that they remain on the spindle and do not fly apart to 
the edges of the cell for the same reason 

We can test these conclusions by a number of specific obser- 
vations Bivalents are formed exceptionally (as in hybrid hlies 
and grasshoppers) in which only one chiasma is formed instead of 
three or four, and the centromeres are therefore much farther 
apart than usual, so that their mutual repulsions become in- 
significant They fail to show tension between their centromeres 
Such bivalents fail to co-orientate themselves Again when a 
bivalent is late in ai riving on the plate and cannot twist itself into 
an axial position m the restricted space left to it on one side of the 
plate. Its unonentated centromeres show no special stretching of 
the parts of chromosome between them 

Thus repulsions in the spindle are enhanced in an axial 
direction Now it is in this direction that the fibrous constituents 
of the spindle are orientated * This may be shown by the effect of 
hypertonic solutions on the spindle It contracts sideways and not 
lengthways The enhancement of repulsions therefore is evidently 
correlated with the distribution of water in the spindle It works 
in the direction in which the water is orientated This orientation 
takes plaee in various ways 

The simplest method of origin of the spindle is seen in animals 
and lower plants where it develops under the influence of particular 
bodies, the centrosomes These bodies have the permanence, in- 
dividuality and methods of division of the centromeres, but they 
lie free in the cytoplasm outside the nucleus and unattached to 
the chromosomes One is associated with each nucleus It divides 


* Belar, 1929. 
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at telophase, and the daughter halves separate at the end of 
prophase A radial orientation of the cytopltism develops round 
each, which extends into the nucleus, forming the spindle by 
union of the two sides 

In some Protista the centrosomes may develop the spindle 
inside the nuclear membrane, which breaks down only at ana- 
phase In others the spindle may develop without any centro- 
somes either inside or outside the nucleus The two sides of the 
spindle are then less convergent and no clear pole can be dis- 
tinguished Such IS also the position in the higher plants, and here 
It has often been shown that there are no individual spindle 
organisers, since single chromosomes lost in the cytoplasm can 
set up little spindles of their own This last condition is established 
in some aberrant plants and regularly in the coccid bugs, wheie the 
joint spindle arises from the fusion of separate centromere spindles ^ 

In short the organisation of the spindle shows a greater evo- 
lutionary range than that of the chromosomes Its evolution is 
probably conditioned by the compartment, cell or nucleus, in 
which It works The co-operation of the centrosomes, for example, 
IS dispensed with in the higher plants, where the cell is usuallv 
contained within a rigid wall. 

As the metaphase plate forms, the spindle widens in the 
equatorial region both in meiosis and mitosis When pairing 
happens to fail at meiosis and the univalents do not congress on 
the plate, the spindle does not expand m the middle, on the 
contrary it stretches lengthwise Evidently the spindle, even when 
It IS formed externally, is liable to modification bv the chromo- 
somes This IS shown further bv the convergent orientation of 
multivalents The co-orientation of centromeres cannot be sup- 
posed to be along absolutely predetermined axes or generators of 
the spindle, since one can repel two others along two convergent 
axes We must bear this property of modification m mind when 
we consider anaphase 

The formation of the metaphase plate shows that the chromo- 
somes, or more particularly their centromeres, are repelled by the 
centrosomes or the poles They he half^wav between the centro- 
somes in mitosis because their repulsion is equal They are not 
pushed off the spindle because, as we saw, their repulsion would be 
lower off the spindle than on it 

* Darlington .ind Fhomai, 1937 
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We therefore have the remarkable situation that two repulsion 
centres at the poles cause an orientation of water in the spindle, 
and this orientation of water causes an orientation of repulsion 
centres attached to the chromosomes which in turn modify the 
orientation of water m the spindle The means by which water can 
be orientated is clear If long chain molecules exist in the cyto- 
plasm and water is attached to them laterally, the orientation of 
these molecules will cause an orientation of watei, and any con- 
ditions favouring an orientation of water will favour an orientation 
of such molecules Apparently a centre of electrostatic repulsion 
favours any orientation in its neighbourhood that will increase the 
effectiveness of its repulsion Since water has a higher dielectric 
constant than anv other constituent of the cytoplasm an orienta- 
tion of water will be specially favoured (Fig 12 ) 



Fig 12 The relationship of spindle orientation to the co-orientation of 
bivalents at first metaphase (After Darlington, 1937 a ) 


This metaphase system is a system of balanced repulsions It 
is ended by the anaphase movement The chromosomes move 
apart a short distance under the centric repulsions 1 hese take 
effect differently in bivalents at meiosis and in unpaired chromo- 
somes at meiosis or mitosis In bivalents there is no change 
at the centromeres, which do not divide, metaphase comes too 
early The change of equilibrium is brought about by a lapse of 
chromatid attractions In unpaired chromosomes the centromeres 
divide, there is a change of equilibrium owing to four repulsion 
centres replacing three, and the daughter centromeres move apart 
In all cases the change to anaphase is helped by a waning of the 
repulsion from the poles 
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Accidents sometimes happen when the attraction does not 
lapse quickly enough In bivalents of a Chorthippus hybrid the 
chromatids are then broken between the centromeres and the first 
chiasma, and the chromatids may even be broken in mitosis ^ 
In umvalents other acadents may happen owing to the centro- 
mere dividing crosswise instead of lengthwise Such a fragmenta- 
tion may take place in Tulipa and Frtitllaria at the second division 
when a proper division has taken place at the first Its products 
survive with terminal centromeres * 

As soon as the centromeres move apart the spindle between them 
changes shape. It stretches, and this stretching is probably in 
part due to the change of the spindle between them from a centro- 
some to a centromere spindle, no longer a spindle in shape but a 
cylinder It is also probably in part due to the inherent and 
cumulative stretching of the spindle which occurs throughout its 
life and leads to fantastic bending and distortion in meiosis where 
unpaired chromosomes have failed to come on to the plate Thus 
the first part of chromosome movement is due to the centromeres 
pulling, the second part, which inevitably follows, is due to the 
spindle pushing 

The comparison of mitosis and meiosis, of prophase and meta- 
phase, of normal and abnormal pairing enables us to construct in 
this way a picture of the successive relationships of cause and effect 
which make successful nuclear division possible We see three 
balanced cycles of activity concerned chromosome, centromere 
and centrosome or pole Each has its own time of division 
resting stage, metaphase, and telophase Each has its own cycle 
and degree of repulsions The chromosome cycle is correlated with 
a cycle of spiralisation of hydration and ofstaimng reactivity, and 
all three must be correlated by their relationship with changes in 
the properUes of the substrate Furthermore the contrast between 
the behaviour of the chromosomes inside this membrane and 
outside It assures us that the observed fluidity of the nuclear sap 
is due to the exclusion of spindle-forming materials, and must be 
conditioned by a semi-penneability of the membrane 

Finally we notice that the centromeres of mciotic melaphase 
bivalents must be less advanced than those of mitotic metaphtise 
chromosomes, for two reasons They are capable of co-onentation 
‘ Kimgstedt, 1938 

• Upcott, 1937, Darlington, unpublished 
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although dicentric chromosomes at mitosis are not And they are 
not capable of self-onentation and division unless they are delayed 
Apparently the precocity of the prophase in meiosis extends to 
metaphase and provides a new balance which works satisfactorily 
by co-orientation replacing division of the centromeres at the 
later stage, just as pairing replaced division of the chromosomes at 
the earlier stage 

This analysis of chromosome movements shows that (contrary 
to previous views) it is not necessary to imagine any change in the 
kinds of forces acting on chromosomes between prophase and 
metaphase, or between metaphase and anaphase, or even between 
mitosis and meiosis The differences between these different con- 
ditions are of degree and not of kind They depend on the relation- 
ships of constant bodies, centromeres and chromosomes, and of 
substrates which are cyclically changing with a senes of correlated 
effects on the spiralisation of the chromosomes and the repulsion 
of the centromeres 

Such a constancy was inevitable at some level of analysis We 
may therefore look forward to considering (although it is outside 
our present argument) the relationship between the movements of 
chromosomes and the molecular structure which they express 



CHAPTER XII 


GENO TTPIC CONTROL 

The sizes of chromosomes in any individual are usually constant 
at all mitoses throughout development The differences in size 
shown by the chromosomes of related species can often be ac- 
counted for sufficiently by such structural changes as have been 
described Sometimes however they cannot. The chromosomes in 
one genus of flowering plants, Drosophyllum, are a thousand times 
the size of those in the related Drosera. Similarly the chromosomes 
of Antmone flaccida are 200 times larger than those of A pratensts 
Such changes must be due to a umtary control of the sizes of 
chromosomes This control is shown by the behaviour of crosses, 
mutants and segregates to be genotypic 

Thus in crosses between speoes with chromosomes of different 
sizes the chromosomes from one parent are all reduced, from the 
other increased, in size, e g Crepts rugUcta x C capxllans Trades- 
cantia brevicaulis is a triploid, probably a cross between a diploid 
speaes with small chromosomes and a tetraploid with large ones 
In a bud sport the chromosomes were one-fifth the size of those 
of the rest of the plant Amongst sister seedlings from the same 
parents in Loltum perenne one had chromosomes 20 Umes larger 
than another We must therefore take the chromosomes we see at 
metaphase as being a measure not of genes but of the aggregation 
of genes or of their accessory materials And the degree of aggre- 
gation IS controlled by the genotype as a whole (Fig 13) 

The uniform diameter of the chromosomes in any one mitosis 
likewise shows the working of a umtary control, and mutations in 
this respect also attest its action in many plants and animals 
Formerly it was customary to speak of this control and of the 
changes it brings about as due to the action of the cytoplasm 
Undoubtedly the cytoplzism is the vehicle of this genetic action, 
as indeed it must be of all genetic actions, apart from position 
effects within nuclei But there is now no longer any excuse for 
shirking the inference that all these variations are genotypic and 
chromosomal in origin In a word the joint action of the chiomo- 
somes constituting the genotype determines the uniform character 
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of their individual behaviour A single gene may cilter the move- 
ments of the whole lot 

It IS in terms of genotypic control that we must therefore think 
of the whole range of variations in chromosome behaviour m 
mitosis and meiosis. 

Observations of abnormal mitosis are chiefly restricted to pollen 
grains, that is to the parasitic generation where unworkable 





13 First metaphase and early anaphase m two sister seedluigs of 
Lolium perermt [n = 7) to show size difference x 1700 (Thomas, 1936 ) 

mechanisms are protected from destruction Here we find mitoses 
with every kind of time derangement of spindle and chromosomes, 
semi-meiotic mitoses, variable spiralisation, variable size and 
orientation of spindle, failure of anaphase ^ The importance of 
these observations is in showing the independence of the internal 
and external parts of the mechanism of nuclear division and their 
normal co-ordination, which we have already inferred in regard 
to the theory of meiosis 

The most interesting genotypic abnormalities are the modifi- 
cations of meiosis in the direction of mitosis by a reduction in the 
precocity of the prophase The simplest of these modifications is 
found very generally but in various degrees amongst plants and 
ammals with large chromosomes It might indeed be regarded as 
an original property of chromosomes beyond a certain size, the 
mechamsm of meiosis being only afterwards adjusted to allow for 
^ Beadle, i933l>, Darlington, 1937 a 
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the size, for the following reason The longer the chromosomes the 
longer it will take them to pair There is a time limit to pairing, 
depending on the precocity of the prophase At a critical time 
unpaired chromosomes divide and then can no longer pair by 
attraction. The third unpaired chromosome in a triploid is 
divided at pachytene Evidently the threshold for division, or 
more properly reproduction, is, as we might expect, lower in an 
unpaired chromosome than in a paired one The attraction for 
a partner reduces the attraction for substrate materials, which 


Proximal Dual Terminal 



Fig 14 rhrer types of localisation o( pairing in long chromosomes with little 
tcrminahsation Above, pachytene , below, first metaphase The centromeres 
are submedian 111 the terminal type Types FrUillana, Chrjisochraon and 
Tradescanlia (4^) 

must therefore reach a higher concentration before it results in 
reproduction However this may be, the imposition of a time 
limit restricts the pairing to the regions where it begins, con- 
sequently it restricts the crossing-over also, and the location of 
chiasmata at metaphase (very little movement of chiasmata taking 
place in these large chromosomes) shows how pairing is initiated 
in these species The chiasmata, we find, are localised either near 
the ends (terminally) or near the centromeres (centncally) or near 
both (Figs 14, 18) 

Species of Fritillana show us the meaning of this distinction 
because they have different chromosomes with centromeres near 
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the ends and near the middles of the chromosomes In both types 
chiasmata are localised near the centromeres, never near the ends 
which are not adjoining a centromere The grasshopper Meco- 
stethus has all its chromosomes with subtermmal centromeres and 
the chiasmata localised near the ends which have the centro- 
meres These are examples of extreme localisation Some species 
of both Fntillana and Mecostethus however are intermediate 
Chiasmata are occasionally formed at the distal ends of chromo- 
somes as well Now in speaes of Fntillana with extreme localisa- 
tion we find more chiasmata, indicating more pairing, in chromo- 
somes where the centromere is near the end than where it is in the 
middle Evidently an end has an inherent advantage in pairing 
in any organism because it can move freely, the middle parts are 
tethered, hence the pairing of ends, where localisation is inter- 
mediate This helps us to understand the opposite type of terminal 
localisation In the tetraploid species of Tradescantia, pairing and 
chiasma formation are restricted to the ends while the centnc 
regions which are remote from the ends rarely form chiasmata 
An intermediate condition is found in another grasshopper 
Chrysockraon where chiasmata at metaphase are all either terminal, 
or very close to the centromere 

Associated with these cases of localisation characteristic of 
certain species we often find a reduced spiralisation The re- 
duced precocity of the prophase is associated with a more mitotic 
shape of the metaphase chromosomes which even show their 
nucleolar constrictions as at mitosis This correlation holds with 
mutant forms of Matthiola incana and Secale cereale which have 
“long” or mitotic chromosomes at meiosis and some reduction in 
chiasma frequency (Fig 15) Some more extreme mutants have 
their chiasma formation and metaphase pairing largely sup- 
pressed In Z'^a Mays^ and Crepis capillans strains of this kind 
occur, but these show neither the failure of pachytene nor the 
reduced mctaphase spiralisation that goes with it It may be 
that the pachytene pairing seen in these cases to be complete 
IS not true attraction pairing but largely an intermittent torsion 
pairing of already divided chromosomes Alternatively it may 
be that pachytene is normal but that crossing-over is somehow 
directly suppressed There is as yet no critical test of these 
alternative assumptions 


* Beadle, 1933 a 
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The converse inference may be drawn in Drosophila melano- 
gaster A mutant genotype suppresses crossing-over in females 
The chromosome behaviour has not been seen, but the progeny 
show that the suppression of crossing-over entails complete failure 
of pairing, and frequent unreduced eg;g cells are formed 

i 0 0 (^0 


( ] 0 { M { 



'5 First nietaphase in normal and scmi-precocious meiosis in forms of 
Secale cereaU Left 1 he numbers of total and terminal chiasmata m each cell 
Four univalents in the bottom cell (Lamm, 1936 ) Reduced precocity entails 
reduced pachytene painng and hence reduced chiasma frequency 

The non-pair mg ^ea Mays reveals a particular property of 
adaptation It shows how mcely the organism is adjusted to 
secure regular pairing with a mimmum amount of crossing-over 
In the general absence of pairing it was expected that the oc- 
casional progeny should show no recombination from crossing- 
over But the frequency of crossing-over was found to be normal 
What had happened was this A proportion of pollen mother 
cells had some pairing — a variable amount, some even had 
complete pairing Mutant genotypes are not buffered against 
environmental variations Cells which gave progeny were solely 
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those rare ones with ten bivalents These cells must have had 
a chiasma frequency between the normal and the minimum com- 
patible with complete pairing The experiment proves that the 
normal and the minimum are the same The same exact adapta- 
tion and buffering of the meiotic mechanism is revealed by the 
variety of disordered types that are produced m the second 
generation when two differently adjusted species are crossed 

(Fig i6) 

We thus see that directly or indirectly genotypic conditions 
may modify the distribution of crossing-over in the chromosomes 
or may suppress it altogether And in suppressing it, unless some 
special secondary mechamsm is introduced, they also suppress 
segregation, reduction and the ordinary course of sexual repro- 
duction Since all genetic variations are subject to selection these 
must provide the materials for important changes in the genetic 
system if such changes happen at any time to have selective value 

Not only the mechanical but also the physiological properties 
of the genetic system are subject to genotypic control This is 
shown in relative sizes of growth of haploids, diploids and poly- 
ploids Where the haploid or polyploid arises from diploid 
ancestors, through an error in reproduction, it is different from 
the diploid (smaller or larger) But where it is a regular part of 
the sexual cycle it can be adjusted to precisely the same size 
Haploidy and diploidy then have no differential effect on growth 
In some red and brown algae the two phases can have the same 
type of growth Similarly in the Hymenoptera the males which 
are normally haploid need be no smaller than the diploid females 
And when a male turns out to be diploid (owing to a breakdown 
in Its system of sex determination) it is no bigger than a haploid 
The genes can be adjusted or compensated to produce the same 
effect in double dose as in single dose The same method is used, 
as we shall see, to control the action of the genes in a sex chromo- 
some when there are one in one sex and two in the other ^ 

This physiological control evidently works to maintain a 
uniform action of genes in a changing environment, where such 
a umform action is desirable The genes are buffered against such 
changes as are likely to upset their co-ordinated action in the 
system Single gene mutations represent the minimum change 
and the mimmum unbalance Buffering by selection of modifying 

‘ Muller, 1932 i. 
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genes is probably responsible for the general dominance of wild- 
type genes in old established species over their mutant alternatives, 
most mutants depending on the suppression of an old activity 
rather than on the invention of a new one ^ 



Fig 16 Clhiasina frequency and distribution in two spiccies of Allium and in 
their crosi and its deruauves Numbers are a\cragc frequencies for indi\iduals 
In the Fj .iJl types shown may occui in one induidual The octurrcnce of iht 
last type piovts that the two preceding t\pes, occurring in the same nuclei, art 
due to localisation and not movement Recombinations in the prove that 
the following independent genetic variables arc concerned (i) I ht time 
limit, causing variable degree of localisation (11) The place of beginning of 
pairing, proximal or distal (111) The regularity of spiacing m the nucleus and 
hence in the place of beginning pairing (iv) Ihc chiasma frequenev per unit 
of length paired, causing an increase of total frequency m some individuals 
Ihcrc IS also evidence of inversion and interchange hvbridity in tlic Fi (\fter 
Levan, 1936, Maeda, 1937) 


n E 


' Muller, 193^^, Fisher, 1930, Harland, 193b 
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There is a third aspect of genotypic control not less fundamental 
than the others its effect on mutation rates Frequency of 
mutations, as we shall see later, is controlled by the genotype 
In view of the enormously different requirements of asexual 
bacteria without gene recombination, of flies with fiequent sexual 
generations and of trees with vastly infrequent generations, we are 
bound to expect some degree of adaptation in the genotypically 
controlled mutation of these forms We aic equally bound to 
expect, however, that this adaptation will lag behind the changing 
needs of the organism, particularly when the need is for an increase 
of mutation That is in part why wc find that trees have lagged 
behind the rest of flowering plants in evolution 

The various types of genotypic control make it possible for 
genes to be inherited independently, while the genetic system is 
selected as an integrated whole The genes are like the membeis 
of a legislature in being subject as individuals to the laws they 
enact as a body And it is through this sulijection that the 
adaptation and evolution of the gencut system has been possible 
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THE MECHANISM OF CROSSING-OVER 

Structural changes in the chromosomes take place by the 
breakage of the threads m one or more places This is followed by 
reunion of the broken ends in new combinations Such a reunion 
does not always follow, but it is a! wavs necessary for keeping 
the whole complement ol genes intact and therefore for the 
suivual of a lialaneed (ill Ciossing-o\cr likewise depends on 
breakage and it union, but it occurs rcgtilarlv at the pachytene 
stage of miiosis and at no other stage Mori over, it consists 
in an exact recombination of the parts ol chromosomes, which are 
closflv paired at tins stage and no other We ought iherefoie, to he 
in a position to say what it is in the merhanit.il eonditions of the 
pniied chromosomes ttiat allows of this re'gular consequence of 
their association Wh.it are these conditions^ 

niiiiiig ]jirh\lent the paired chromosomes dew lop lelational 
(Oiling How the\ do this ma\ best be. seen In placing two 
tsMsied woollen threads close together When thev are released 
this untwist themselvf s mdividualK and in doing so, since they 
slick tognhei later ilK thev twist round one anothci I hev are, 
how eve I iieiw found to he oiiK half untwisted 1 heir internal 
lutsion his conn into equilibrium wnh an equal and opposite 
loisioii fins ecpiihbnum is the basis of all spinning 
opcr.uions 1 he intcinal loision of ihe wool corresponds to a 
strain set up in the molecular spiral of the chromosome The same 
change undei other conditions produces an internal instead of a 
relational coil 

7 he pachytene equilibrium must be of the same kind essentially 
as the spinning e quilibnum, since the forces responsible for both 
are known on other grounds and are analogous The wool threads 
stick together bv friction, the chromosomes b\ specific attraction 
Their not slipping round one another shows that this attraction is 
specific in direction as well as m choice of partnei The wool and 
the chromosomes cod equally because thev resist torsion I hey 
both have longitudinal cohesion Both these pioperties are like- 
wise necessary if the chromosome is to reproduce to give a regular 
and coherent daughter thread From which it follows that when 
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the two chromosomes are internally twisted at the end of pachy- 
tene they will each divide to give two daughter threads coiled 
round one another And this coiling will presumably be in the 
opposite direction to that of the relational coiling between chromo- 
somes (Fig 17) 

The proportion of the internal torsion which is released to give 
relational coiling varies in the wool model according to the 
amount of torsion So also it must be with the chromosomes Not 
only this The size and strength of the threads, and thus any 
external conditions affecting these properties, will modify the 
pachytene equilibrium One special circumstance must be re- 
membered Where the ends of the chromosomes, or of certain 
segments, are fixed, no relational coiling at all will be developed 
between chromosomes This will necessarily occur within inversion 
loops It IS also likely to occur when the pachytene stage is short 
and equilibrium is never reached The state of strain under these 
conditions will not be diminished Rather will it be increased 
And the conditions of crossing-over will be the same The differ- 
ence will be in the result At diplotene more chromatid coiling 
and less chromosome coiling will be seen How far the variations 
actually found at diplotene depend on such differences in the 
normal pachytene equilibrium and how far on partial failure of 
pairing at pachytene we do not yet know 

Such must be the varying conditions at the fnd ol pachytene 
What relation have they to the action of crossing-over^ It will be 
recalled that in FritiUana the pachytene pairing is often confined 
to two regions, centric and terminal, with an unpaired region in 
between This type of association is of critical importance, for in 
the unpaired middle region the same torsion arises and, since the 
two ends are held together in the paired regions on either side of 
It, the same coiling necessarily occurs, as m these paired regions 
No crossing-over can take place in an unpaired region however 
What do we find at diplotene^ In the paired regions chiasmata 
are formed and no coiling is left, while between them in the 
formerly unpaired regions coiling still survives Apparently there- 
fore chiasmata replace coiling in the paired parts at the end of 
pachytene They must thdn be determined by the coiling strain 
which they themselves remove (Fig 18) 

In other organisms such as a garden tulip, a lily or the grass- 
hopper Chortkippus, a small proportion of the pachytene coiling 



DIVISION-** 


GROSSING 

OVER-^ 


UNCOILING 

CHROMOSOMES 


TERMINAI ISATION 
OF CHIASMATA 


SPIRALISINC 

CHROMATIDS 


CO-ORIENTATION 


OF CENTROMERES 






If 



i 

Dp 


Dk. 


Met. 


Fig 17 The mechanical and genetical relatiomhips of paired chromoaomes 
during the prophasc of meiosis 
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sfil] survives at the earliest diplotene stage, although pairing has 
presumably been complete at pachytene At diplotene, relational 
coiling can then be seen in three distinct forms There is a coiling of 
the chromosomes round one another between chiasmata, a coiling 



Fig i8 Pachytene to firs.t metaphasc in Fntiliarw Abo\i in a sfx'riC' \Mih 
moderate proximal localisation giving intermilti i,t paihvlriu paiiing and 
consequent survival of relational coiling Below, m a spitiis vsilh luiupletc 
pachytene pairing and consequent r< placement of lelalional toiling hv tin isiiia 
formation throughout the length of the t hrtimosomes SuViterrninal centro- 
meres in both bivalents (After Darlington ; 

of the chromatids of each chromosome also between chiasmata, 
and finally a coiling, or rather a mere crossing, of two of the four 
chromatids at each chiasma which is a relic of the earlier chromo- 
some coiling (Fig 3a) All these types of coiling disappear in free 
arms before diakincsis In closed loops the other two kinds are 
both translated into chromatid coiling each loop flattens in one 
plane and successive loops come to he at light .ingles, making each 
chiasma symmetrical 

It remains to explain how the strain of relational coiling 
can determine crossing-over when the pachytene equilibrium is 
brought to an end It will be seen at once that this situation is 
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unique in the history of the nucleus Two chromosomes in a state 
of strain are split into four chromatids At the same time the 
attraction between the chromosomes lapses Each chromosome 
has to support separately its internal strain Equilibrium can 
only be re-established by the abolition of all relational coiling, 
but as observations of the diplotene stage show us, even the 
coiling of free arms does not disappear for some time There is a 
lag in the adjustment of external form to internal stresses, the 
same hysteresis indeed which we noted in regard to relic coiling 
It IS this combination of a sudden strain with a delayed adjust- 
ment in a system, the elements of whith have been weakened 
by division, that must be supposed <o lead to a breakage of 
chromatids 

1 he diplotene change begins near tht centromere in Frihllarta 
Elsewhere it may begin near the ends It is not likely to be 
simultaneous throughout each chromosome Nor can the breakage 
of two chromatids at one chiasma be simultaneous When a 
chiomatid breaks between two genes the strain on its partner will 
be released bv the release of their mutual coiling The two broken 
ends It ill revoK e round their unbroken sister in opposite directions 
At the same time the strain will be increased on the cnromatids of 
the paitner chromosome, for the coiling of the two chromosomes 
has been in equilibrium with that within each When the strain 
on one is removed by lireakage, that on the other is increased 
On account of the specificity of the attractions between genes, 
this me I ease of strain will be greatest at the point immediately 
opposite the hi si break The first break will therefore immediately 
determine a coi responding one m a chromatid of the partner 
chromosomi Its two biokcn ends will uncoil and in doing so 
will meet the ends of thf others before thev meet one another 
again They will rejoin just as the broken ends do when structural 
changes occur 

Now since the ends of the chromosomes are free and the centro- 
meres arc single and show no specific attractions, both the ends 
and tfie centromeies arc likelv to be points of zero torsion Onlv' 
at a certain distance from tlieni will the ciitical strain for crossing- 
over develop Ci ussing-ov er w ill be suppressed in certain regions ^ 
Similarly when crossing-over has occurred, reducing the strain 
in Its neighbourhood, the chance of another cross-over near the 

^ Mather, 
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first Will be reduced In fact crossing-over will be impossible 
within a certain distance, which will depend on the amount of 
coiling that has been undone by the crossing-over Hence if the 
distributions of cross-overs are measured from the centromere we 
should expect zones of high and low crossing-over to be spread 
along the chromosome, gradually disappearing beyond the second 
or third chiasma This is approximately what is observed in 
species of Drosophila Especially it must be noticed that very close 
to the centromere there is no crossing-over There will also be 
interference between successive cross-overs Such interference has 
been measured from linkage by Muller and from the frequency 
distributions of chiasmata by Haldane The frequency of double 
crossings-over within short distances is less than randomness 
requires The curve of chiasma frequency per bivalent is narrower 
than a Poisson distribution will allow Finally there should be no 
interference across the centromere this is shown to be true both 
from chiasmata and from linkage experiments ^ 

If these views are correct and repulsion is the agent both 
of crossing-over and chiasma formation we may say not that 
crossing-over determines chiasnja formation but that they are 
indeed one and the same thing 

We are only at the beginning of our understanding of crossing- 
over In special circumstances it has special properties Some of 
these will be dealt with later But the first questions that may be 
asked about the mechanism of crossing-over have now been 
answered in terms of the behaviour of the chromosomes known at 
other stages of their history 

‘ Mather, 1938, Bennett, 1938 
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THE BIOLOGY OF RECOMBINATION 

The ordinary course of meiosis shows us the two primary 
functions of crossing-over It determines the recombination of the 
parts of chromosomes It permits the pairing, segregation and 
reduction of chromosomes and hence secures the essenual con- 
ditions of sexual reproduction The importance of sexual repro- 
duction, as Weismann pointed out, lies in its effecting a recom- 
bination of the parts of the hereditary materials which exposes 
them to the most efficient natural selection This recombination 
we now see is more profound than Weismann imagined. It 
extends beyond the chromosomes to the genes The number of 
units capable of recombination is not five or even fifty, but five 
thousand or fifty thousand These units are units of heredity by 
virtue of crossing-over If crossing-over ceases to occur they cease 
to be umts 

It is clear that for any particular inter-maang group there must 
at any particular time be an optimum amount of recombination 
and therefore an optimum number of chromosomes and an 
optimum amount of crossing-over between them We might con- 
sider these together by taking the sum of the haploid number of 
chromosomes and of the average chiasma frequency of all the 
chromosomes in a meiotic cell as a Tecombination index Too high an 
index would be deleterious by breaking up advantageous com- 
binations, too low an index would never achieve the most advan- 
tageous combinations One would suppose on grounds of recom- 
bination alone that one chromosome would always be better than 
several, since genes in different chromosomes can never be kept 
together But in fact genes at opposite ends of a long chromosome 
can also never be kept together, and as a consideration of the 
mechanics both of mitosis and ineiosis shows, a single long 
chromosome, or more especially a single centromere, will not give 
the easiest separation The only organism with a single pair of 
chromosomes, the threadworm Ascans, seems to have several co- 
ordinated centromeres lying close together in them^ 

‘ White, 1937. 
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The optimum recombination index will depend on the number 
and concentration of gene variations to be recombined within the 
group, the size of the group and its freedom of mating Have we 
any reason to suppose that such an optimum — whatever it may 
be — is generally attained^ We certainly have not Chiasma 
frequency as a rule has to meet the reqmrements of regular 
pairing and reduction before it can meet those of crossing-over 
Chromosome number is often one of the most conservative pro- 
perties of the genetic system The same number is found constantly 
in large sections of the Orthoptera, the Gramineae and the 
Rosaceae On the other hand, unrelated species having similar 
genetic systems in other respects have entirely different numbers 
It should moreover be easier to increase the chromosome number 
than to reduce it Both mean a change m the number of centro- 
meres by their loss or reduplication together with that of the ad- 
joimng parts of the chromosome, and unless these parts are inert 
their reduplication will have a less dangerous effect on the balance 
of the organism than their loss Great variability of the chromo- 
some numbers of a group, due to structural change, is therefore 
an indication that the proximal parts of the chromosomes are 
inert In a word it seems that increase of chromosome number is 
an evolutionary step that often cannot be retraced It offers 
immediate advantages at the expense of ultimate survival (Fig 1 9) 

Chiasma frequency, on the other hand, is sometimes readily 
variable Within the species Fnlillana tmpmalis clones exist with 
an average chiasma frequency per bivalent differing as much as 
2 6 and 50 In general however (as we saw in ^ea) the chiasma 
frequency is the minimum compatible with regular pairing in the 
shorter members of the complement, the short bivalents of Chort- 
hippus for example have one usually, and rarely two chiasmata 

(F«g 30) 

Supernumerary chromosomes which arise in many species from 
time to time do not always form a chiasma when they are smaller 
than any of the rest of the complement Chiasma frequency is 
proportional to length This shows that the species is adapted 
to have regular chiasma formation and metaphase pairing for its 
ordinary complement and is not adapted to provide for shorter 
members Statistical comparison in Secale shows that the ordinary 
bivalents have 2 42 chiasmata on the average, while an extra 
short pair (one-third their length) has o 83 chicismata and there- 
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fore sometimes fails to pair The same lack of pairing is found in 
small extra chromosomes in Fnttllana, Matthiola and Solanum 
The condition in species with a wide range of size in their 
normal complement is radically different The small chromosomes 
regularly pair with a single chiasma, the longer ones have several 
chiasmata but their frequency is usually less than proportional to 
their length frequency In Chorthtppus, where the long chromosomes 



Fig 19 Diagram showing how two pairs of chromosomes can become one or 
three in evolution following interchange in a diploid The first requires loss of 
a part of a chromosome near its centromere and this part must therefore be 
inert The second requires gain of a similar part which need not be inert 
(After Darlington, 193711 ) 

are more than five umes as long as the short ones, they have only 
3 3 chiasmata on the average The same discrepancy is found in 
many Liliaceae Evidendy these species are adapted so as to 
economise in the number of chiasmata formed Lower crossing- 
over has, as we might expect, a selective value ^ 

The mechanism which equalises the number of chiasmata 
formed amongst chromosomes of different lengths is probably 
of various kinds There is evidence of two methods that might be 
effective It might take effect by the interference of the centro- 
mere with crossing-over near it being less than that of crossing- 
over Itself® Or It might be due m the pachytene pairing of the 
chromosomes beginning simultaneously and the last parts of the 
> Fisher, 1929 * Mather, 1938 
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long ones to pair being already partly uncoiled when they pair, 
so that the coiling strain developed in them will not be pro- 
portional to their length In Mecostethus it is in fact achieved by 
localisation of pairing 

Another means by which crossing-over is reduced in the system 
IS Its abolition in one sex, as in the male Drosophila and Callimantis^ . 
The male genotype determines a special type of meiosis in which 
crossing-over and chiasma formation are dispensed with, and the 
chromosomes pair by an extension of the usual primary attraction 
from two threads to four This device has the effect of reducing the 
average recombination index of the species Now chiasmata are 
formed at meiosis (in one sex or both) in all sexually reproducing 
species Drosophila shows that the original conditions of meiosis 
can be removed. It is not now chiasmata which are necessary 
for the chromosome pairing in the individual, but crossing-over 
which IS advantageous for gene recombination in the species 

Both in chromosome number and in chiasma frequency, how- 
ever, we must expect that species are very imperfectly adapted to 
their needs of recombination The lag in adjustment smII be even 
greater than in other properties of the genetic system because their 
adaptation is a compromise Both of them have other effects 
unrelated to their function of recombination and these effects will 
react on the species more rapidly than errors of recombinauon 
Let us now consider some of these 

Simple inversion of a segment of chromosome, unless it pro- 
duces a position effect, has no significance apart from crossing- 
over in the hybrid When single crossing-over occurs between the 
dislocated segments in an inversion hybrid, and the dicentric 
chromatid breaks into two, two new chromatids are formed 
They are deficient for the end segment, and one of them may 
have a reduplication of a proximal segment if the chromatid 
breaks unequally Such chromosomes are not likely to survive 
unless they are supernumerary to the ordinary haploid set They 
should be particularly important therefore in polyploids, and in 
fact they anse frequently owing to special circumstances in all 
tnploids and in many tetraploids 

In tnploids there is the equivalent of a whole extra set made up 
of parts of chromosomes unprovided with partners at pachytene 
Short segments, such as we saw were frequently repeated within the 

* White, 1938 
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haploid set, are thus in a position to pair with one another as they 
never could in a diploid We therefore often find pairing within 
this third set A triploid Tntuum or Fragana with 21 chromo- 
somes, instead of forming a maximum of seven associations (tn- 
valcnts or bivalents and univalents), may form eight or mne pairs 
at meiosis Some of these extra pairings are due to interchange 
hybndity Others are due to reduplications Some of these again 
are between inverted segments, some of them between straight 
segments, even these will of course give rise to new chromosome 
types, longer or shorter than the original ones and with a different 
linear order of genes Triploids therefore m Solarium and Trades- 
cantia and elsewhere constantly give new chromosome types in 
their progeny These are usually small chromosomes, and probably 
many supernumerary fragments arise in this way 

In new allopolyploids where the different sets, as in Pnmula 
keweasts, are imperfectly differentiated, chromosomes from different 
sets occasionally pair and cross over Sometimes the result is 
merely a recombination of genes Frequently however a structural 
rearrangement takes place, owing to the chromosomes which 
have crossed over being structurally different. Such changes have 
often been found in hexaploid wheats and oats They give rise to 
important mutants and demand the constant selection of the 
varieties in which they occur 

Such changes are secondary structural changes, and they must be 
clearly distinguished from primary structural changes of which 
they are products Primary changes occur at all stages of develop- 
ment equally in pure and hybrid organisms Secondary changes 
occur only at meiosis in organisms which in a broad sense are 
hybrids — structural or numerical They occur only through 
crossing-over betvveen differently placed segments and are there- 
fore liable to be of particular types, each occurring with a particular 
frequency in a given hybrid Formerly their effects, like those of 
primary changes, were ascribed to undefined mutations 

The effects of structural hybndity on crossing-over are no less 
important than the effects ol crossing-over on the progeny of 
the hybrid The diploid progeny in which secondary structural 
changes have occurred usually die, so that crossing-over is, as we 
have seen, effectively suppressed between the segments in which 
It will give rise to such changes — within inversions and proximal 
to interchanges Recombination is stopped, and in special cases 
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we shall see what effect this may have The same condition 
however applies in general to all chromosomes near their centro- 
meres and perhaps also near their ends We find in fact that near 
the centromeres of all the chromosomes in Drosophila the genes 
have become inert It seems that they have mutated to inertness, 
and selection, with its efficiency impaired in this region by the 
absence of crossing-over and recombination, has failed to weed 
them out 

In this light the extreme localisation of crossing-over must have 
an important effect on the genetic structure of the species What 
this effect is we shall see most clearly from the behaviour and 
evolution of permanent hybrids 



CHAPTER XV 


THE PURSUIT OF HTBRIDITT 

The efficiency of natural selection depends on the availability 
and potential permanence of the largest possible number of com- 
binations of hereditary differences These properties depend in 
turn on crossing-over and hybridity We have seen that crossing- 
over IS regulated and has a certain optimum value which may or 
•nay not be attained Let us now examine the regulation of 
hybndity 

The first factor determining hybndity is obvious!) variation, for 
if there is no change in the genes and ihe chromosomes there can 
be no hybndity We find that both intragenic and intergemc 
mutation are controlled, at least within certain limits A gene in 
one species of Gossypium when transferred to another species by 
crossing has a higher mutation rate ' The particular unstable 
genes whose frequent mutation is responsible for white flowered 
plants becoming flaked with colour are always found to vary in 
frequency of mutation subject to \arying genotypes And they 
vary also in the time and place of most frequent mutation 
The same is true of structural changes In ^ea a particular gene 
mutation (“sticky’’) causes an enhanced rate of structural change 
We must suppose therefore that particular species have genotypic 
properties in this respect more or less adapted to their needs, 
although no doubt lagging behind these needs as the genetic 
system changes. 

The second factor of importance in determimng hybndity will 
be the system of mating, which in turn will depend on two 
independently variable conditions the size of the endogamous 
group, the continually vaiying collection of individuals amongst 
which mating can take place, and the biological and spatial free- 
dom of this mating 

The size of the endogamous group may be limited by factors of 
entirely different kinds On the one hand geographical isolation 
may separate two parts of a species which would otherwise be 
capable of crossing freely And the means by which geographical 
isolation will arise depend in turn on genetic mobility, that is, on the 
* Harland, 1936, Sturtevant, 1937, Rhoades, 1938 
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individual movements or local conservatism of an animal species, 
and on the pollen or seed distribution in a plant species On the 
other hand, a slight differentiation of sexual habits or time of 
flowering, or a few structural changes m the chromosomes, or a 
gene mutation for cross-sterility, or co-ordinated change in the 
rate of growth of pollen and in the length of the style may any 
of them establish a genetic isolation which will limit the endo- 
gamous group to a part of the morphologically homogeneous 
group This genetic isolation may occur independently of geo- 
graphical isolation, or may follow it It will lead to all degrees of 
cross-fertihty within the endogamous group and therefore very 
often to uncertain boundaries between endogamous groups ' 
Within the endogamous group the freedom of mating will 
largely depend on the restrictions on self-fertihsation Species 
like Ptsum sativum, in which self-fertilisation regularly occurs, are 
uncommon amongst the flowering plants where an enormous 
number of devices are known for promoting cross-pollination 
The morphological devices were explored in great detail by 
Sprengel and Darwin, the genetic devices have also long been 
known but only recently understood 

The most obvious genetic device preventing self-fertihsation is 
the self-sterility gene system ® This system is found in its simplest 
form in fungi where two haploid nuclei will fuse only il they 
differ in respect of a particular gene or genes In flowering plants 
the case is similar the pollen of a self-stcrile plant will not fertilise 
the same plant or any other plant having a particular gene in the 
same state as itself The gene concerned exists in the species in a 
multiple series of states which may be called S^, and so on 
iSj pollen will not grow on an 8^82 style or an SySg style, only on 
one, like S^Sg, which has no 5 j gene Hence self-fertilisation cannot 
occur and pure SySy individuals cannot be produced A majority 
of diploid species of flowering plants probably have a differential 
gene system of self-sterility in some stage of development from a 
sporadic origin to a universal distribution 

The physiological mechamsm may vary Sometimes the pollen 
will germinate but dies in ^he style Sometimes it will enter the 
ovule but dies without procuring fertilisation * However they 
work, these contraceptive genes prevent self-fertilisation and also 

* Darlington, 1939 * East, 1929. 

• Sears, 1937 Crane and Lawrence, 1938. 
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crossing with other individuals having the same gene. They will 
not however ensure any cumulative hybndity except in the parts 
of the chromosome so close to the S gene that very litde crossing- 
over takes place with it 

The combination of change, crossing and selective elimination 
in any stable endogamous group will work together to produce 
a certain hybndity equthbnum Through their effect on this 
eqmlibrium they will react on the rest of the genetic system of the 
species The equilibrium may be measured in breeding experi- 
ments by the vigour and variety of the progenv from self-fertilisa- 
tion or inbreeding At meiosis it may be measured most readily by 
the frequency of bridges produced by inversion crossing-over ^ 

All sexual reproducuon entails inbreeding simply because all 
endogamous groups are limited by genetic isolation But Are can 
convemendy contrast the extremes of self-fertilisation and the 
widest crossing permitted by this limitation 

The effects of self-fertilisation or close inbreeding and cross- 
fertilisation With remote relatives arc markedly different in a 
diploid species which is normally cross-fertilised The one reduces 
the hybndity below the usual level, the other raises it The one 
produces offspnng of reduced vigour, the other of increased vigour 
This property of increased vigour in crosses is known as heterosis 
It IS supposed to be due to the recessiveness of deleterious muta- 
tions in respect of some of which each of the parents is pure 
Such crosses may be represented as AAbb x aoBB where both a 
and b are deletenous The fact that such deleterious genes are 
present is due to their general protection from elimination by 
constant cross-fertilisation The fact that a wide cross will suppress 
some that have been showing with the ordinary system of cross- 
fertilisation shows that elinunation of poorer growing individutils 
has not been ngorous enough for the previous size of the endo- 
gamous group. In a word the genetic properties of a group are 
conditioned by its mating system Sclf-fertilisation is not de- 
leterious in a group which has been constantly self-fertilised in the 
past. 

A regularly cross-fertilised group must be entirely upset by 
allopolyploidy for three reasons The allopolyploid is a permanent 
hybrid whose recessive gene mutations cannot segregate when it is 
self-fertilised If its diploid ptirents have a self-sterility system this 
1 Darlington, 1937 A 
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system will not necessarily work in the new polyploid ^ Diploid 
hyacinths are self-sterile, tnploids are not The new polyploid is in 
any case an endog^imous group by itself — the only member of a 
new species And finally, as we saw, its method of variation is 
enlarged by a secondary segregation of ancestral differences All 
these conditions are likely to change the character of the genetic 
system when a new polyploid species is formed Later when such 
a polyploid by gradual differentiation of its sets becomes a 
functional diploid (if it was not so at first), in its general heredity, 
It will no doubt also become like its diploid ancestors in its mating 
system Polyploidy secures hybndity by an irreversible change 
which nevertheless leaves the species with a long lease of life We 
must now consider a more meretricious way of attaimng the same 
end. 

‘ Cf Lawrence, 1931a 
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There arc two common conditions in which an inversion, or at 
least a small inversion, can exist in a species The first is that m 
which It IS most likely to begin, the condition of tree combination 
between the original and the changed structural types, here pure 
original, pure changed and hybrid indmduiils will exist side by 
side in equilibrium and freely intercross Such a condition of 
inversions is found in Campanula perstctfnha, but eqmhbnum has not 
been reached throughout the population of this widely distributed 
species Crosses between plants from different regions are in 
general more hybrid than the wild plants drawn from any one 
region Evidently new inversions are continually spreading in the 
species This stage of development may be described as the stage 
of the Jioattng inversion ^ The second stage is that where an in- 
version becomes fixed in a given part of the speaes, a geographical 
or an ecological race This stage is reached in Drosophila pstudo- 
obseura * Chromosome differences between different species of 
Drosophila or Ltltum are found to consist largely in inversions such 
as those which are here found developing and becoming fixed 
within species Evidcndy they have arisen in the same way The 
question therefore arises as to why an inversion should become 
characteristic of a particular race having particular genetic pro- 
perties which are not implied bv the inversion itself We find the 
answer in the discovery that the characteristic groups of differences 
between species or races are often found to be closely linked or 
even inherited as a single unit In the case of the speltoid and 
fatuoid complexes which distinguish important ancestral groups 
in wheat and oats it seems that inversions are what maintain this 
umty They do so by suppressing crossing-over between the group 
of gene differences which are associated in the complexes In- 
versions isolate segments of chromosomes just as seas and deserts 
isolate segpnents of a species. We can have an endogamy of chromo- 
somes as much as an endogamy of populations 

Inversions may promote discontinuity within a species in two 

* Darlington and Gaudner, 1937 

* Dobzhansky and Sturtevant, 193®- 
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ways, gradually and suddenly. Small inversions will largely 
inhibit crossing-over, and floating in the species will survive if 
they happen to pick up a useful combination of genes They will 
act as a brake on recombination amongst these genes Large 
inversions, like translocations of any size, will establish discon- 
tinuity by making the hybrid infertile through too much crossing- 
over taking place within them They will isolate, not the chromo- 
somes, but the organisms, and in consequence are less likely 
to occur except in a largely self-fertilised species ^ They seem 
accordingly to be of less importance in nature If inversions have 
acted as crossing-over suppressors and not as sterilisers we should 
find that short inversions are most frequent and that inversions 
including the centromere are absent We should also find that 
inversions are disproportionately frequent in the longer chromo- 
somes which have a wide enough margin of chiasma frequency to 
ensure regular pairing in the inversion hybrid This seems to be 
true of races of D pseudo-obscura 

The ongin and distribution of interchanges depends not only 
on whether the species is normally self- or cross-fertilised, and on 
the size of the interchange, but also on the properties of chiasma 
movement of the species If chiasmata remain interstitial as in 
Zea and Pisum the associations of four produced in the hybrid 
are, half of them, parallel in co-orientation and give inviable 
gametes If the interchange hybrid is sterile then interchange, like 
a large inversion, will cause immediate fission in the species This 
has probably happened m Pisum 

If chiasmata are terimnalised, a higher proportion of regular 
gametes are produced and interchanges large enough to form 
chiasmata can float in a cross-fertilised species as they probably 
do in Campanula persicifolia A later stage of this is found in Datura 
Stramonium, where interchanges have been fixed in local races some 
of which are pure for particular types of interchange 

Interchange has however given results of an entirely different 
character in certain species of flowering plants In these species 
interchange hybrids breed true In fact the whole species consists 
of one type, hybrid for a particular interchange or combination 
of interchanges How did such a species arise? An interchange 
floating in a species widely cross-fertilised like Campanula persici- 
folia will always be hybnd at first and will have crossing-over 
‘ Darlington, 1939 
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reduced in its proximal segment, as we saw earlier After a 
certain period of sheltering in this way it will be impossible for 
it to exist in the pure condition If however the hybrid is favoured 
by heterosis the interchange will spread in the species and inter- 
change hybrids will increase in gene hybndity as time goes on 

In a word, the course of evolution from the floating to the fixed 
stage can be diverted if the selection pressure in favour of 
hybndity is strong enough. 

Once established, these species with nngs of four chromosomes 
have gone further In Oenothera and elsewhere, more interchanges 
have increased the size of the ring to include six, eight, ten and 
finally all fourteen chromosomes (When 13 of the 14 pairs of 
distal segments form chiasmata, a chain is produced like that in 
Fig 20 ) The advantage of the hybndity conferred by a nng of four 
will of course be increased by each increase in size. It might be 
thought that irregularities in the distribution of the nng at 
meiosis would upset the system by increasing sterility, and this 
undoubtedly restricts the occurrence of ring-forming hybrids to 
certain groups Owing perhaps to a happv adjustment of the 
sizes of the chromosomes and spindle, co-orientation is usually 
convergent and a majority of the gametes formed even by the 
largest ring in Oenothera are usually regular and viable 

In the nng of fourteen there will be, not only two pairs of 
interstitial segments in which crossing-over is reduced, but five 
pairs of differential segments in which it is suppressed {x in Fig 9 (111)) 
The homologous segments will change independently owing to 
their being genetically isolated. They will therefore diverge in 
evolution The interchange hybrid will become a gene hybnd 
and the two types of gamete which it produces will come to differ 
as much as those of two distinct species Each chromosome will 
have a terimnal pairing segment which will exactly correspond to 
a pairing segment in a chromosome of the other gametic type, or 
complex as it is called And proximally each chromosome will have 
a differential segment which does not normally pair at pachytene 
or cross over with any homologous segment in the chromosomes of 
the opposite complex It is within these differentitil segments that 
the genetic differences between the complexes have accumulated 
and persisted 

In the simplest case each complex hybrid species produces two 
kinds of pollen grains and two kinds of egg cells Hence when two 
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different species are crossed four different kinds of hybrid can be 
produced (as Oe Lamarckiana x Oe stngosa), and each of these will 
have Its own particular properties of ring-formation as well as its 



Fig 20 Above, the regularly convergent arrangement of a chain at first 
metaphase in a species of Oemthtra hybrid for six interchanges Note that a 
complete set of the labelled pairing segments passes to each pole Cf Fig q 
(After Darlmgton, 1932^ ) Below, the two possible series of events following 
meiosis in the embryo-sac mother cell of a hvbrid species of Oenothera according 
to which cell receives the female-competent complex at the first division 
(After Renner, 1921 ) 

own recognisable morphological type Usually one or two of these 
fail to live Similarly when a complex hybrid species is crossed 
with a non-hybrid species (for a few such still exist) two types of 
crossed offspring appear Thus Oe Hookeri, 7 (2), x Oe Lamarc- 
kiana, (12) -f- (2), gives two hybrids, one having the gaudens com- 
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plex of Lamarckiana with (lo) +2 (2), the other having its velans 
complex with 2 (4) +3 (2). 

A special situation which we may regard as the most highly 
developed is found in Oe muncata (14) This species produces 
pollen grains and potential embryo-sacs with its two complexes 
curvans and ngens But only the curvans pollen and the ngens 
embryo-sacs function The ngens pollen grams die, and on the 
female side a special device is found The embryo-sac mother cell, 
as IS usual, forms a row of four cells , and when the end cell of the 
four, which should from its position grow and divide to give the 
egg cell, happens to have the curvans complex it hardly ever grows 
It is pushed out of its place by the growth of the cell at the other 
end, which of course is ngens (Fig 20) This is a specially straight- 
forward example ''f the cell-struggle and of the natural selection 
which results from it The species therefore yields pollen grains 
entirely of one type, and egg cells entirely of the other The loss 
due to the formation of pure zygotes which would die is eliminated 
This difference on the male and female sides shows itself in that 
reciprocal crosses with other species are entirely different When 
Oe muncata is the egg parent the crosses are nearly all ngens 
hybrids, when it is the pollen parent the crosses are all curvans 
hybrids These two kinds of hybrid can always be distinguished, 
both by their external form and by their associations of chromo- 
somes at meiosis Such a complementary gametic adaptation 
clearly makes for economy m reproduction and is due to genetic 
change during or since the development of the complexes The 
genetic action of each complex, it will be noticed, takes place as 
soon as the genetic character of the cells is established by segre- 
gation at meiosis 

As we saw earlier, crossing-over can take place between the 
differential segments of the chromosomes whose ends are not 
homologous But it is exceptional When it happens, there is a 
reverse interchange and the two whole complexes m effect cross 
over ^ Gametes are produced, hall of one complex and half of the 
other Combining with normal gametes, wholly of one complex 
or the other, a new type of zygote is produced which is hybrid for 
half of Its chromosomes, pure for the other halt Such plants are 
known as half-mutants and can themseKes yield entirely pure off- 
spring, half pure for one complex, half for the other These are 

* Sweet, 1937 
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known as full mutants Thus Oe Lamarckiana gives o i % of seed- 
lings of a type called Oe rubrinems, with (6) and 4 (2), which itself 
yields a I 2 I ratio of non-viable seed, the rubnnerms type, and 
the full mutant, Oe deserens 7 (2) 

Full mutants could not arise directly They show that a work- 
able combination can be made very simply from materials which, 
as they exist, are in an unworkable combination They show that 
recombinations of matenals, especially translocations from one 
complex to the other, rather than specific intragenic mutations are 
responsible for the unworkable character of each complex alone 
And finally they show that “mutation” in Oenothera is due to 
segregation following exceptional crossing-over in a hybrid 

Probably a hundred or two species of Oenothera have a complex 
hybrid structure, and a few species in other genera — Bnza media 
(4) +5 (2) and Hypericum punctatum (16) From crossing varieties 
with different floating interchanges in Campanula perstcifolia 
(2n = 16), plants with a ring of twelve have been synthesised only 
two pairs of chromosomes being left out Some of these artificial 
hybrids give an approximately Mendelian segregation in their 
progeny while others breed true with occasional mutation like 
the natural species of Oenothera 

Complex hybrid species have gained by their special mechanism 
a high degree of hybriditv balanced by a low degree of crossing- 
over They have sacrificed future variability to present variation, 
for as the system becomes more highly specialised, gametically 
and zygotically, crossing-over and mutation are more severely 
restricted and the species finds itself in an evolutionary blind alley 
The changes that it has undergone with advantage in the first 
stage prove irreversible and presumably fatal in the last This is 
the position of Rhoeo discolor with a ring of twelve chromosomes 
The single surviving representative of its genus, it is restricted in 
distribution and almost invariable in form 

The device of complex hybndity undoubtedly leads to ultimate 
extinction But it reveals to us a mechanism of chromosome 
differentiation by the suppression of crossing-over which in this 
essential is similar to that used by the higher animals in con- 
trolling their mating system and in fostering hybndity The 
special difference is that the mechanism of genetic sex differ- 
entiation in animals is self-renewing as well as self-destroying 
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THE EVOLUTION OF SEX 

The origins of sexual differentiation between gametes, distin- 
guishing large stationary eggs from small motile sperm cells, can 
be seen in the Protozoa and Algae where all degrees of differ- 
entiation occur In its simplest and probably original form this 
differentiation was a differentiation within th( individual which 
therefore bore cells of both kinds Most of the higher plants are 
still hermaphrodite, bearing both pollen and eggs They have, as 
we saw, various special devices which assure cross-fertilisation 
This end is achieved in most of the higher animals by having the 
sexes separated in different individuals Here and there in a 
number of different families of plants we can see the same 
mechanism of sex differentiation coming into existence In 
animals it is long established and indispensable In plants it is a 
sporadic and short-lived alternative to other svstems 

An experiment with Mays provides the clearest evidence of 
how the mechanism can develop One recessive mutation [ff) 
in the pure state causes sterility of the female flowers, which are on 
separate inflorescences from the male Another mutation m the 
pure state (mm) converts the male flowers into female and 
the fertility of these is unaffected b> the action of the ff gene 
Plants of the constitution ffmm are entirely ovoile bearers Plants 
of the constitution ffMm are entireh male A stock therefore 
which contains these two types in equal numbers will produce 
offspring with them likewise in equal numbers The male is the 
hybrid sex Provided such a new stock is isolated, genetically or 
geographically, from the original stock its system will be stable 
and self-perpetuating An inversion including/ and m, if they are 
near together will give the necessary isolation It remains to be 
said that it has proved equally easy, using different mutations, to 
produce a stock m which the female instead of the male is the 
hybrid sex 

There is no doubt that in many plant species sexual differ- 
entiation IS little more advanced than in this experiment Never- 
theless such a system is not likely to persist unchanged So soon as 
the two types, male and female, are permanendy segregated in the 

DE 8 
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species, each will have special needs calling for special genetic 
adaprtations This can take place in one way alone, by the occur- 
rence of mutations absolutely linked with the segregating M-m 
genes Mutants linked with m will be selected if they are recessive 
and fav'our the female Mutants linked with M will be selected 
if they are dominant and favour the male 

We usually call the m chromosome X and the M chromosome T 
Between them there is this essential distinction the X chromosome 
occurs in both sexes, the T is restricted to one sex and never meets 
or crosses over with an identical partner 

The XT sex is usually male, the XX female The opposite holds 
good in birds and Lepidoptera In dioecious mosses and liver- 
worts the diploid generation is always XT and the haploid 
generations X and T There is then no evolutionary difference 
between X and T and the female individuals are arbitrarily 
allotted the X 

Thus an important discontinuity between the X and T chromo- 
somes and between the sexes which they determine arises, subject 
to a suppression of crossing-over between them or rather between 
parts of them What methods of suppression of crossing-over are 
available we have already seen Genotypically a localisation of 
chiasmata or structurally an inversion of the segment of chromo- 
some containing either the Af or m genes will suppress crossing- 
over near these genes and make a system of sexual specialisation 
possible 

The available evidence shows that genotypic control is primarily 
responsible, structural change secondarily Thus the XT sex 
always has lower crossing-over than the XX sex, in the other 
chromosomes as well as in the sex chromosomes The extreme 
example of genotypic control is found in Drosophila, where as we 
saw crossing-over is abolished in the XT sex, that is in the male 
Such a general reduction can only be genotypic Structural 
changes are likely to follow this genotypic suppression and are 
responsible, as we shall see, for great variation in the T chromo- 
some The consequences of this suppression are seen when we 
compare the differences between X and T chromosomes in various 
plants and ammals The different degrees of divergence between 
them fall into an evolutionary series 

The earliest stage of differentiation is that found by Winge in 
Lebistes reticulatus in which the males are XT Free crossing-over 
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of many genes is possible between X and T Only one, apart from 
the sex differential itself, is completely restricted to the T chromo- 
some, possibly the two genes he in a small inverted segment 
together Now certain stocks have a gene in one of the autosomes, 
1 e m one of the chromosomes other than X or T, which when 
pure turns the XX fish into a male, in the hybrid state for this 
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Fig a I Thr evolutionary stages by vihich a pair of autosomes {AA) can 
become the sex difTcrentials in the XX sex, thus making it possible for the old 
XX sex to become the XY sex The T chromosome can also be displaced by 
direct loss as in Fig 22 , giving an XO system which iisell can also be replaced 
as above by a new XY 

gene the fish is a female Thus we have the beginnings of a system 
in which the old male type with its 7 chromosome is eliminated 
and the female becomes the hybrid or XT sex, while the new male 
becomes the pure or XX sex The related genus Aplocheilus has 
such a system In the course of the evolution of the mammals 
some such change as this must have occurred once, if not several 
times, because the female is the hybrid sex in reptiles as well as 
birds, and the male m mammals (Fig 2 1 ) 

Now, so far as the T chromosome is concerned, the species 
bearing it is a permanent hybrid In the part carrying the sex 
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differentials, crossing-over is sgppressed and its position must 
always be that of a chromosome in a permanent hybrid species of 
Oenothera It must be made up of two segments, a pairing segment 
in which a chiasma is formed, and crossing-over occurs, with the 
JT chromosome, and a differential segment containing the sex-bound 
genes 

The behaviour of X and T chromosomes between which 
differences are developing depends on the position of the differ- 
ential segment in relation to the centromere In the commonest 
types It lies next to the centromere, or includes it, as it does in 
Oenothera and other permanent interchange hybrids Such a 
proximal differential segment occurs in the plants Humulus and 
Rurrux, in both of which genera species occur with the T frag- 
mented in Its differential region The two ends of the X then each 
pair with a small T, the female is XX, the male XT■^T^ 

In the mammals the pairing segment is proximal, usually on 
both sides of the centromere, and the differential segment distal 
This has various interesting results In the rat there is a single 
long differential segment in one arm of the A’ and little or none in 
the Y (Fig 22) A chiasma may be formed in the short arm of the 
painng segment opposite the differential segment This chiasma 
moves to the end and the two chromosomes separate reductionally, 
as is said, at the first division When however a chiasma is formed 
in the longer arm between the centromere and the differential 
segment, the two chromatids of this segment become attached to 
two different centromeres and the bivalent divides equationally 
at the first division, reductionally at the second (Fig 5) 

Owing to these chicismata being formed at various points in the 
pairing segment we should expect that particular gene differences 
would cross over from the X to the T chromosome and vice versa 
Such gene differences would be more or less closely linked with 
the differentiation of sex instead of being absolutely linked, or 
rather bound, to ^ or T hke those in the differential segment 
Without careful tests they would not be distinguishable from 
autosome differences A number have now been recognised in 
man ^ 

Species of Drosophila, which also have proximal segments, are 
distinguished from the mammals by two remarkable properties of 
these segments They always unite in the male by two reciprocal 

* Haldane, 1936 
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chiasmata between X and T Lying as they do very close to the 
centromere, they arc entirely inert except where they abut on the 
differential segment Where a single gene difference is known, 
affecting the length of the thoracic bristles, this gene, “bobbed”. 



Fig The evolutionary divergence of X and T chromosomes, shown by the 
pachytene pairing and mciaphase association, following two scries according to 
the relative positions of centromeres and differential segments (white m X, 
black in T) Pairing segments hatched The mammalian type corresponds to 
the unequal chromosomes illustrated in Fig 5 


sometimes lies between the two reciprocal chiasmata and so 
crosses over from the X to the T chromosome like the loosely 
linked characters found in man Since the two reciprocal chias- 
mata in Drosophila exactly compensate for one another in crossing- 
over it IS possible for a differential segment to be maintained on 
cither side of the pairing segment, and this condition is in fact 
found in several species 

The evolution of the sex chromosomes depends on the genetic 
history of the differential segments The differential segment of 
the X IS not in a very remarkable position, since it can cross over 
with Its homologue in an XX individual That of the T on the 
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Other hand is in a very special position, it occurs only in the 
hybrid condition, and is totally precluded from crossing over 
there The evidence from mammals and insects is that in these 
groups It has become almost entirely inert In the differential 
segment of the X chromosome of man a very large number of gene 
differences have been detected, in that of the T only four In 
Drosophila melanogaster the same is true, but in spite of this lack of 
mutations the genes are not entirely inert A male with an X 
and no Y chromosome (XO) entirely resembles a normal male in 
form but it is sterile Meiosis is abnormal and the sperm de- 
generate. 

The capacity for free combination within the autosomes 
evidently gives them such an advantage in adaptive efficiency over 
the T chromosome that they come to take over its work The 
decisive difference between the sexes comes to be the difference in 
proportion of the X and the autosomes ^ 

Two sets of autosomes and two X's give a female, two sets of 
autosomes and one X give a male, irrespective of the number of 
T’s which may be added to each Further, three sets of autosomes 
and two X’s give an intersex What we have seen earlier shows us 
that this change of balance is not essentially different from gene 
mutation The effect of the change is merely more crudely 
obvious because it is on a larger scale 

The consequences of the Y’s inertness are felt in two ways 
First, the T begins to vary very freely in size, not only as between 
related species of mosses or insects but also within the same 
species, e g. in the ncuropteran Chrysopa vulgaris and in Drosophila 
pseudo-obscura, as well as in species of Humulus and Rumex Secondly, 
in certain large groups of insects (as we saw) and nematodes the 
Y chromosome has entirely disappeared In any organism any 
chromosome is liable to be lost, particularly through failure of 
pairing at meiosis If it is lost and the loss makes no difference the 
species will continue without it 

In the Coleoptera and Hemiptcra we can see all the stages 
in diminution of the Y chromosome, ending in many species in its 
total loss In the last stages the pairing segment is so reduced that 
pachytene pairing of X and' Y no longer takes place, crossing-over 
IS completely suppressed and the chromosomes segregate following 


‘ Bridges, 1932 
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momentary contact of their terminal pairing segments at meta- 
phase When supernumeraries arise from fragmentation of the T 
they can mount up to the number of six without effect They are 
evidently inert. In the Orthoptera this process has gone even 
further. In the whole order, apart from some Mantidae, the Thas 
disappeared 

When the T is lost the males have a single unpaired X chromo- 
some at meiosis (Figs 3 and 22) This umvalent is somewhat more 
regular than other umvalents and in most species divides either 
always at the first or always at the second division Occasionally 
however, as in the bug, Vanduzea, it is less settled in its behaviour 
and divides at either division, just as a umvalent will do in many 
plant hybrids Like other umvalents it lags behind the bivalents 
if It divides at the first division Sperm are produced in equal 
numbers with and without X This is the last stage in the evolu- 
tionary breakdown of the XT system 

A genetic method of sex differentiation occurs in many animal 
groups which in its origin seems to be unrelated to the alternative 
X-T system The females are diploid, the males haploid, arising 
from unfertilised eggs This system is found in Roufera, Acarina 
and lour orders of insects, Thysanoptera, Hymenoptera, two 
families of Hemiptera and one of Coleoptera, represented by a 
single species Mtcromalthus debilis * 

This system has evidently arisen independently in these groups 
and Its origin is indicated by the behaviour of a coccid bug, Icerya, 
where a diploid hermaphrodite and a haploid male coexist in the 
same species The different tempo of development in a haploid 
might readily give a different emphasis to one sex, as it does in 
crosses between species 'I he advantage of having the sexes 
separate would then lead to the suppression of the maleness in the 
diploid 

The effectiveness of this explanation is shown by there being 
haploid males m six groups and haploid females in none Haploid 
males are due to lack of fertilisation by males and make good the 
defect to which they owe their origin They therefore have an 
immediate advantage if they are acting in equilibrium with 
another system of reproduction (the hermaphrodite) but none if 
they are derived gradually from the XT sex 


* Schrader, 1928, Scott, 193b 
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A great number of different mechamsms may be used to 
separate the sexes on different individuals In the types we have 
taken, segregation of dissimilar chromosomes at meiosis or differ- 
ential fertilisation is the basis In certain species, both of plants 
and animals, the external conditions of development may deter- 
mine the future sex In the sea worm Bonellta and elsewhere eggs 
falhng free develop into females, eggs falling on to females develop 
into males The genotype of the species is such that it makes this 
differential response which is adapted to its reproductive require- 
ments The end result is the same whether it has been achieved 
by the action of external or internal differences It may equally 
remain the same above all the increasing elaboration that we see 
m the internal mechanism of segregation Beyond a very early 
stage we need not suppose that any necessary increase in elabora- 
tion takes place in the physiological differentiation of sex The 
mechanism has to change merely to keep pace with the mutations 
and structural changes which are constantly disintegrating it It 
IS less stable than the external differemiation it determines The 
mechanism of segregation, however elaborate, merely releases a 
trigger which directs the processes of development along one of the 
two alternative paths of sex * There is some evidence that even in 
the most advanced stages of developing this trigger, in Drosophila, 
It may be suddenly replaced by an entirely new device, much 
as in Lebisles And the new system will work as well as the 
old 

The evolution of sex chromosomes shows a principle m common 
with that of permanent hybrids The suppression of crossing-over 
between two homologous parts of chromosomes separates them in 
evolution as cffectn^ely as if they belonged to different species The 
discontinuities that arise as a result arc of the same order as those 
arising between species The discontinuities that we see arising 
and developing within species when protected from crossing-over 
by inversion hybridity as well as by other kinds of isolation have the 
same adaptive sigmficance The two sexes are in fact two species 
mutually adapted for reproductive processes 

The evolution of the sex chromosomes shows a second principle 
which may be expressed in very general terms Two chromosomes 
are taken out of the set and subjected to different conditions of 
recombination and therefore selection from the rest But their 

1 Muller, 1932 a 
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properties of genic and structural change are necessarily the same 
as the rest This evolutionary disharmony may be stated in a 
simple way, the directive agent of change in the autosomes is 
selection, in the sex chromosomes mutation 

The result is that no permanent balance can be set up between 
them The sex chromosomes pass through a perpetual cycle of 
disintegration and replacement, no stage m which is physio- 
logically preferable to any other. 



CHAPTER XVIII 


STERILITY THE CONTRADICTION 

A MATURE zygote must inherently have arisen from the fusion of 
viable gametes which have given a viable product The problem 
of sterility is how such a zygote can itself produce gametes, or its 
gametes produce zygotes, that are not viable, in other words how 
it can form gametes unlike those from which it is derived It may 
do so under three kinds of conditions First, an unfavourable 
environment may prevent development taking the same course as 
It has taken in the past Secondly, differentiation may fail to 
provide umform conditions of reproduction A production of an 
excessive number of egg cells, or of unfavourably placed egg cells, 
where the young offspring are nursed by the female parent, may 
result in the destruction of some All other instances of failure of 
development of gametes and zygotes fall into the third class They 
are due to genetic variation 

Variational sterility is in the simplest case relational It arises from 
crossing dissimilar forms The parents may fail tocopulate in species 
crosses of animals The pollen may fail to germinate on the style 
or grow down it in cross-fertilisation between races or species The 
same is true mutatis mutandis in animals These obstacles to fertili- 
sation are physiologically similar to those producing self-sterihty 
in hermaphrodite plants and ammals, where as we saw they are 
due to lack of genetic differences A specific gene mutation is 
known in Mays to cause cross-sterility ^ Or again the new 
zygote produced may fail to develop beyond an early stage, either 
in the simplest case owing to its new and untried genetic con- 
stitution being unsatisfactory or, in the mammals, owing to the 
relationship of embryo to mother being unsatisfactory In the 
higher plants the endosperm also plays a part This can be most 
simply shown in the occurrence of reciprocal differences between 
diploid and polyploid plants Each of these types of sterility 
involves physiological problems peculiar to the particular Ccise 
The effect of all of them is’ to restrict the size of the endogamous 
group by genetic isolation, and they act as a direct limitation, as 
we shall see, on all the other types of sterility 

* Demcrec, 1929 
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The second and third kinds of variational sterility may be 
described in more general genetic terms They occur irrespective 
of cross- or self-fertilisation The second is genotypic sterility and is 
due to the organism being different from its parent or parents in 
having some abnormality of its reproductive processes determined 
by Its individual genotype Such sterility may take effect (equally 
in maize or Drosophila) at any stage of development It arises 
earliest by the abortion of the sexual organs, later by the sup- 
pression of chromosome pairing at meiosis through lack of pre- 
cocity and last of all by a failure in the development of the germ 
cells which have been satisfactorily formed These genotypic pro- 
perties may appear as a result of a mutation or in a cross between 
two races or species Usually in either case they affect one sex 
alone And usually in plants the anthers are more susceptible to 
abortion than the ovules, but in J^ea Mays and Rubus Idaeus 
mutations are known affecting each separately Such mutations 
may be used as we saw in establishing sexual differentiation In 
ammal crosses where the sexes are separated on different in- 
dividuals It IS usually the hybrid sex which is stenlised in this 
way * The retison for this 1? fairly clear The XX sex has one X 
and one set of autosomes from each parent, the XT or XO has 
no X from one parent and the T being largely inert docs not take 
Its place The hybrid sex is as we may say unbalanced The result 
IS that in crosses between races of Drosophila pseudo-obscura the 
pairing of the chromosomes is suppressed at meiosis and the testes 
are under-developed In the female however the chromosomes 
pair and the eggs are fertile if back-crossed to one of the parents 
Some of the males in this back-crossed generation are fertile They 
no longer have the wrong combination of X and autosome 
genes ^ 

The third kind of variational sterility, and the one which we 
are in a position to analyse most exhaustively, ts due to a lack of 
uniformity in the products of segregation, 1 e to the formation by 
a zygote of gametes genetically different from those which gave 
nse to It We may describe it as segregational sterility and we may 
consider it in relation to the three kinds of hybrids in which it 
occurs, gene hybrids, structural hybrids and numerical hybrids, 
using at the same time the special behaviour of tetraploids of 
hybrid and non-hybrid origin as a test of our conclusions 
* Haldane, 1931 * Dobzhansky, 1937 



104 STERILITY' THE CONTRADICTION 

We may see the effect of segregation on sterility most simply in 
a triploid plant. Spores are formed with all numbers of chromo- 
somes between the haploid and the diploid Those with inter- 
mediate numbers are unbalanced They develop on the female 
side to produce egg cells On the male side however on account 
of the longer life of the spore a proportion usually die before the 
pollen grain germinates When they survive the balanced and 
unbalanced grains have to compete in growing down the style, 
only a small proportion succeed in fertilising the egg cells, and 
these are likely to be the balanced ones When a triploid is crossed 
as a female with a diploid as a male the result is therefore a higher 
proportion of unbalanced progeny than in the reciprocal cross 
This IS notwithstanding a certain differential mortality among the 
young embryos which also reduces the proportion of unbalanced 
ones When the triploid is the male parent very few progeny 
except diploids and simple trisomics are usually produced 

Sterility of a tnploid is thus due to unbalance in the progeny 
Now there are occasional plant species which do not show any 
serious effect of unbalance This is sometimes due to the basic set 
being Itself polyploid in origin, and sometimes to there being so 
much translocation and duplication of segments of chromosomes 
that a mechanical diploid is physiologically a high polyploid This 
IS evidently true oi Hyacinlhus orteniahs, n = 8, for in this species 
different plants with 23, 24, 27 and 30 chromosomes are almost 
equally vigorous In this species also the triploids are as fertile tis 
diploids 

Absolute deficiency is an even more serious cause of sterility 
than unbalance JiAoeo discolor having a ring of twelve chromo- 
somes can produce, through errors in the orientation of the ring, 
pollen grains with five and seven chromosomes instead of six 
Those with five never reach the first mitosis Those with seven 
may even grow down the style They never give rise to offspring, 
for the seedlings all have the same uniform number and appear- 
ance as the parent 

These examples show us why a hybrid like Raphanus-Brassua 
is sterile Owing to lack of pairing, pollen grains and embryo-sacs 
are produced with all numbers and combinations of chromosomes , 
none of the parental types arc reproduced except by a rare chance 
and a balanced combination will arise only by complete non- 
reduction 
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In an entirely opposite way as we saw following complete 
pairing and crossing-over in every chromosome of the diploid 
Primula kewensis the original parental combinations are even less 
likely to be produced and in consequence likewise the hybrid is 
absolutely sterile In the tetraploid through pairing and segre- 
gation of similar chromosomes, uniform and balanced gametes are 
produced and the plant is fertile 

The position of an autotetraploid is significantly different Its 
chromosomes change partners at pachytene in all plants and, 
when they are long, in animals, and, forming chiasmata in these 
different associations, they remain quadrivalents at metaphase 
These quadrivalents are, except perhaps under very special condi- 
tions, incapable of regular orientation and segregation in every cell 
With linear onentauon three and one segregation often results 
In this way a tetraploid cherry with eight potential quadrivalents 
has given a segfregation of 19 13 instead of 16 16 With in- 

different diamond-shaped co-orientation of the four chromosomes 
two may be left on the plate at anaphase to divide as univalents 
Moreover, trivalents and true univalents often occur (Fig 23) 

The autotetraploid thus yields unbalanced gametes and its 
fertility is reduced The sterile diploid gives a fertile allotetraploid 
The fertile diploid gives an infertile autotetraploid There is a 
negative correlation between the fertility of diploids and that of 
the tetraploids they give rise to Hence autotetraploids in nature 
do not usually establish themselves as new species unless sexual 
fertility can be to some extent dispensed with By discovering 
their occurrence among plants we are therefore indirectly dis- 
covering the degree of importance of sexual fertility in the life of 
the species, a matter to which little attention has been paid in the 
past 

Let us return with the information which these special examples 
give us to consider sterility within a natural diploid endogamous 
group of common size and stability, a group within which cross- 
fertilisation takes place between pairs of gametes all of which 
differ in respect of a varying number of changes in genes and in 
their arrangement We find that a proportion of the zygotes 
produced fail to develop and we can trace this failure to the re- 
combinations that occur at meiosis Sometimes it is due to crossing- 
over within inversions giving deficient gametes and zygotes Some- 
times It IS due to irregularity in segregation following failure of 
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pairing at meiosis Sometimes it is due to two chromosomes which 
are necessary to one another failing to pass to the same gamete 
They may be complementary to one another either through one 
containing a segment of chromosome actually removed from the 


(^) 


(i) 


Fig 23 Diagram showing the alternative conditions of segregauonal sterility 
(a) in a hybrid diploid, {i) in a non-hybrid tetraploid (After Darlington, 
1932a ) 

other (as we see was the case in Oenothera) or they may contain 
independent mutations which cannot work separately When an 
endogamous group develops cross-stenhty within it, as we saw 
earlier, or when genetic diversity within it reaches such a pitch 
that crosses between divergent individuals (such as diploids and 
tetraploids) are absolutely sterile, the group breaks up into two 
Sterility brings its remedy The new smaller groups having less 
variation within their limits are less sterile than the old But if 
cross-sterility does not readily develop, or if sexual reproduction 
can be to a great extent dispensed with, as in some sections of 
Rosa and Rubus, a population will arise which will vary between 
moderate fertility and absolute sterility and a population more- 
over in which the discontinuity of species is no longer recog- 
nisable 

Sterility is therefore the contradiction inherent in variation and 
recombination A stock that is invanable will become pure 
breeding and completely fertile Even if it varies, and yet sup- 
presses the recombination of variants that would occur by the 
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crossing of individuals or by the crossing-over and segregation of 
chromosomes, it will still remain pure-breeding and completely 
fertile Sterility is the price the species pays in the death of its 
immediate progeny for the advantages of recombination and 
adaptation in its more remote posterity It may be said that this 
price IS inevitable That is not true for every group of plants and 
animals, there are some species which avoid paying it We will 
now see how they do it 



CHAPTER XIX 


APOMIXIS THE ESCAPE 

In most organisms reproducing sexually the egg does not develop 
until the sperm nucleus or generative nucleus of the pollen fuses 
with Its nucleus or is about to do so Without a sequence of this 
kind sexual reproduction could not have been established But 
the sequence is not, for all organisms and under all conditions, as 
obligatory as rmght be supposed With eggs of frogs, sea urchins 
and seaweeds it may be replaced by artificial devices such as 
shaking or pricking, or by alteration of the surface conditions with 
specific reagents In plants, pollination often suffices, and if the 
pollen IS of a different species in Datura or in Rubus it may fail to 
enter the egg, which then develops without fertilisation The 
stimulus of development has then become indirect, like that of a 
conditioned reflex In cotton {Gossypium) and in the threadworm 
Rhabditu special stocks regularly allow the development of their 
unfertilised eggs 

One might suppose that, where this parthenogenesis was oc- 
casional and accidental, it merely occurred after the normal time 
of fertilisation had paissed Very often supernumerary egg cells in 
a plant will be stimulated to develop in this way merely by the 
fertilisation of their sisters The development of a haploid egg cell 
to maturity depends however on its genetic constitution In a 
group with a high hybridity equilibrium many recessive mutations 
such as would have a depressive effect in the pure condition are 
floating in the population protected by a hybrid condition A 
haploid being pure and unprotected must always reveal these 
recessives Haploid parthenogenesis giving mature progeny is 
nevertheless known in thirty geneia of flowering plants But it is 
commonest in the relatively inbred stocks found in some cultivated 
plants and in polyploid species where the “haploid” is itself 
physiologically diploid or, polyploid Non-reduction is therefore 
often necessary with parthenogenesis, not merely to maintain the 
two together as a permanent system, but also to permit the sur- 
vival of the egg which goes unfertilised And the casual occurrence 
of parthenogenesis combined with non-reduction will generally 
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pass unnoticed It seems therefore that the observations of haploid 
parthenogenesis, abundant though they are, must give an in- 
adequate notion of the widespread occurrence of this capacity of 
egg cells to develop without fertilisation 

The various combinations of non-reduction and non-fertihsa- 
tion under cover of the external forms of sexual reproduction are 
known as apomrxis How do they arise in nature? It is possible 
that apomixis is sometimes thrust upon a sexually fertile stock 
by mutation or exceptional conditions causing both the com- 
pensating aberrations to occur at once This has happened in 
Rhabditis in experiment A strain arose by mutation in which 
reduction was suppressed and the egg developed without fertilisa- 
tion Such a strain would have a longer or shorter lease of life in 
nature according to the merits of the sexual type from which it 
came 

Obligatory parthenogenesis is more likely to get into a fertile 
speaes indirectly In Aphides summer broods are parthenogenetic 
This merely economises the sexual processes by dispensing with 
the males It lengthens the sexual cycle just as paedogenesis 
broadens it Males are produced by the parthenogenetic females 
under colder conditions and a sexual generation arises, the XX 
female gives an XO male by loss of one X chromosome at the 
single non-reductional division which replaces meiosis When 
such a species spreads to a warmer climate the sexual generation 
is omitted Obligatory parthenogenesis htis got in by the back 
door.^ 

The general condition for the suppression of sexual repro- 
duction in plants and animals is however sterility Sterility may 
act in two ways A new tetraploid ammal of a sexually differ- 
entiated kind can scarcely survive as a male, since it must cross 
with diploid females and yield normally sterile triploid progeny 
A new tetraploid female can survive however if her eggs will 
develop without fertilisation She can perpetuate herself as a tetra- 
ploid if in an early cleavage division doubling of the chromosomes 
occurs to compensate for lack of fertilisation Such is the behaviour 
of the moth Solenobta triquetrella and the crustacean Artemta saltna, 
both are polyploid and parthenogenetic 

The position of the triploids is even simpler Their inherent 
segregational sterility cuts them off from sexual reproduction at 

> Vandel. 1927 
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once Triploid specjes can survive only by apomixis or by vege- 
tative propagation Moreover owing to the awkward segregation 
of trivalents and univalents they are particularly likely to have a 
completely abortive first division in meiosis and thus to produce 
two tnploid products of mciosis instead of four irregularly reduced 
ones At one stroke triploidy can remove the possibility of re- 
duction and the need for fertilisation If in a tnploid the egg 
cell can develop without the stimulus of fertilisation, apomixis is 
thus automatically established Such is its origin both in the 
isopod Tnckonisctis eltzabethae and in many species of flowenng 
plants, for example in Hteractum, Taraxacum and Arlemtna 

These examples make it clearer what is the origin of apomixis 
in diploids In the tnploid we see that hybrid sterility must be 
the immediate cause since an act of hybridisation, the fusion of 
diploid and haploid gametes, was the last sexual act in its history 
In the diploid any condition that would give the result of sexual 
sterility and permit a failure of reduction would have the same 
result Since we see these conditions arising both by hybridisation 
and by special genotypic combinations in all groups of plants and 
animals, while apomixis is specially frequent in certain groups, 
the limiting condition must be the capacity of the egg to develop 
without fertilisation This capacity gives the sterile hybrid or the 
sterile mutant a means of escape from its sterility 

Just how this capacity works is shown by those species of plants 
which we may describe as genetically versatile Some such species, 
like the diploid Allium odorum, resemble the aphides 7’he normal 
egg IS capable of development only after fertilisation Sometimes 
however a bud in adjoining tissue grows into an embryo-sac with 
an egg nucleus and its seven customary attendants But this 
embryo-sac is purely vegetative, its nuclei are diploid and its egg 
cell divides without fertilisation Why should this development 
sometimes replace the normal embryo and sometimes not^ The 
answer is provided by experiments with similar species of Ruhus 
and Poa When fertilisation is attempted with pollen of a closely 
related plant it is successful, with that of a different species it is 
usually unsuccessful, the, union is a false one for, although seeds 
are obtained, they are apomictic Evidently the vegetative embryo 
develops when the sexual one fails 

The evidence of competition between sexual and vegetative 
embryos reminds us of the competition between potential embryo 
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sacs of different genetic constitubon in Oenothera This com- 
petition amongst embryo-sacs is probably very common in hybrids 
generally although nowhere else studied in genetically controlled 
material It shows a struggle for existence between cells and 
between individual embryos within the ovule analogous to that 
between free growing plants Its effect is like facultative partheno- 
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Fig 24 Ihc combinations of 1 rproductivc methods found in versatile species, 
sometimes all in the satue plant competing vnth one another 

genesis in the aphides, an economy in the reproductive resources 
of the species 

Genetic versatility probably reaches its extreme in certain poly- 
ploid species In Poa pratensis, for example, we may have every 
conceivable combination of reduction and non-reduction on one 
or both sides with fertilisation and non-fertihsation Thus a i2v 
plant when crossed with an 8 x plant may yield 6 x, lov, 12^-, 14,1 
or i 6 x progeny The particular types of progeny will depend again 
on their success in competition as well as on the sexual pro- 
pensities of the parent For example since the numbers actually 
found in the species do not generally range beyond the extremes 
of 6a: and i 8a: it is clear that non-reduction must be more successful 
with 6a: plants and non-fertilisation with i8a: I’he non-reduction 
is occasioned apparently by high autopolyploidy, which at the 
same time makes it possible for the progeny to forgo fertilisation 
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Without exposing too many undesirable recessive combinations 
and also makes it possible for plants with unbalanced chromosome 
numbers to show very litde effect of unbalance^ (Fig 24) 

What happens to a stock after it has completely surrendered its 
sexual mode of reproduction? If meiosis is completely suppressed 
and no crossing-over occurs between the chromosomes it is clear 
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Fig 25 The results of tuo chromosomes (A and B) passing to the same pole 
after having undergone crossing-over This happens normally with quad- 
rivalcnts in autotetraploids and with suppression of the first division in a 
parthcnogcnetic diploid In half the cases the segregation at the second 
division IS complementary so that the products arc dissimilar (although with 
parthenogenesis the chromosome number is not reduced) A particular gene 
difference B-r is used as an indicator In the tetraploid an RRRr individual 
can thus give rr gametes In the parthcnogcnetic diploid an Rr parent can give 
rr progeny 

that apomixis becomes merely a vegetative process under a cloak 
of sexual reproduction All recombinations ceasing and mutation 
still having a rate adapted to the needs of a species with recom- 
bination, the apomictic species will lose its genetic resiliency and 
after a brief prosperity succumb to a changing environment, 
preserving to the last the unwanted devices of its sexual apparatus 
In many apomictic plants however crossing-over is not abolished 
along with reduction The first meiotic division may be sup- 

* Akerberg, 1936 and unpublished 
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pressed and a single unreduced nucleus be reiormed although 
many chromosomes have paired, even as vve saw in a tnploid 
on account of multiple pairing These chromosomes have crossed 
over with one another The two chromatids attached to the 
same centromere are no longer always sister chromatids but 
come in part from different chromosomes Perhaps if the plant is 
a tnploid or structural hybnd they come from widely different 
chromosomes These chromatids will pass to the same pole as 
their true sisters in half the second divisions in which they occur 
Wherever there is crossing-over there will therefore be a limited 
amount of segregaaon (Fig 25) even though there is non- 
reduction The amount of segregation and recombinauon will be 
subsexual ^ 

In this way the new apomictic species will have a limited scope 
of recombination and variation so long as pairing and crossing- 
over can take place between its chromosomes The result is shown 
by the appearance of mutants in experiment, and innumerable 
trivial species in nature, in such genera as Hieracium and Taraxa- 
cum It IS also probably shown by the development of a more 
precise and fertile system of apomixis The abandonment of 
sexual reproduction is progressive and irrevocable Meiosis is 
completely suppressed on the female side, it is replaced by a single 
non-precocious mitosis The last agent of recombination is de- 
stroyed All these stages of development can be seen within the 
genus Hieracium * 

Thus we see apomixis saves what can be saved when sexual 
fertility has been lost Sexual reproduction provides in recom- 
bination the basis for the adaptation of all its posterity Apomixis 
provides for its immediate progeny It retains in some species a 
few relics of the sexual system which give it the means of post- 
poning extinction and even developing a momentary efflorescence 
of new forms But with the loss of sexual recombination the 
apomict, like the permanent hybrid, is cut off from ultimate 
survival Apomixis is an escape from sterility, but it is an escape 
into a blind alley of evolution. 

* Darlington, 

* Gustafsson, 1934, Darlington, 193711 



CHAPTER XX 


THE INTEGRATION OF THE CELL 

The first problem of heredity is that of the parts played in it by 
the nucleus and the cytoplasm It is also the last, for we can deal 
defimtely with the indefinable cytoplasm only when the nucleus 
hjis been accurately defined When we consider the cytoplasm 
we have to leave behind for the most part the visible determinants 
which are so useful in dealing with the nucleus and rely solely on 
inferences from heredity and development These inferences are 
less obvious but none the less rigorous Our next task must be to 
separate heredity from development, and in order to do this we 
must know something about how genes act during development 
We have already considered much of the evidence in special 
connections Let us now bring it together 

Cells can exist without nuclei Special cells like red blood 
corpuscles are even adapted to do their specialised work for a 
limited period without nuclei But they do not grow or multiply 
Egg cells depnved of their nuclei quickly die Successful re- 
generation of parts of unicellular organisms depends on the 
presence of the nucleus In short the nucleus is constantly acting 
on the cytoplasm 

Now we know that the action of the nucleus is balanced 
Its different parts produce a co-ordinated effect Docs this co- 
ordination take place inside the nucleus^ The exception in this 
case proves the rule The position effect of genes which we saw 
earlier shows that exceptionally two genes have a different effect 
if they are close together m the chromosome from what they have 
if they are far apart Here then their products must interact 
inside the nucleus As a rule they probably do not They interact 
in the cytoplasm and through it 

The intermediacy of the cytoplasm is perhaps most obvious 
in the genotypic control of chromosome behaviour, since the 
uniformity of the action of the nucleus on itself presupposes a 
reaction with its substrate Hence the old fallacy that it was indeed 
the cytoplasm which ultimately controlled nuclear behaviour 
and not the nucleus itself 

The next question is how quickly the nucleus can act on the 
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cytopl2ism This is shown best by the examples of extreme in- 
dividuality in the nucleus In the fertilisation of Habrobracon the 
sperm nucleus is believed to choose, as it were, instantaneously 
which of the two products of the second meiotic division in the egg 
It will fuse with In the diploidisation of fungi the gfuest nucleus 
divides in every cell it enters, the host nucleus does not In both 
instances a single gene difference may be all that distinguishes the 
two nuclei More important differences distinguish pollen grams 
and potential embryo-sacs which live or die according to whether 
they have the right or the wrong numbers of chromosomes or 
genetic complexes And here we may note that precisely the same 
difference of viability that marks certain genetic complexes in 
Oenothera may be deterrmned, and usually is determined else- 
where, by relative position of the nuclei in the organism We shall 
return to this later. 

Some genes therefore act as quickly as diffusion in a liqmd 
substrate can allow them to act And multiple differences are 
therefore likely to act rapidly But individual genes differ in their 
time of action ^ They are set going at a specific ume m develop- 
ment Thus the detailed properties of pollen grams — shape, 
colour and kind of surch — are usually determined by the genetic 
action of the mother plant, although if this plant is hybrid for 
genes affecting these properties the pollen grains will differ in 
these genes Exceptionally however in ^ea, Oryza, Sorghum, Pisum 
and Oenothera the pollen grains show their own specific properues 
111 a word the genotype reacts with the cytoplasm and the 
cytoplasm changes its properties throughout development These 
properties at any one stage are the resultant of the reactions of the 
genes at all previous stages — including the preceding generation 

These changes in the cytoplasm are most highly developed in 
animals They are derived from an original asymmetry in the egg 
and persist throughout development and not merely m space but 
also in Ume The different parts of the ammal at one time are as 
different from one another as are the same parts at different 
times Their interrelations in time and space are established bv 
the formation and diffusion of chemically recognisable organisers ^ 
Thus we have evidence that the integration of gene action is due 
to the reacuons between genes and cytopltism being chemically and 
spatially determined in a specific succession and arrangement 
‘ Haldane, 1931 * Waddington, 1939 
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The delayed effect of the cytoplasm is shown by the pre- 
ponderant influence of the egg on early development where its 
recent genetic history is widely different from that of the sperm 
nucleus This is shown most crudely by the breakdown of develop- 
ment in most distant hybrids in animals, whether in sea-urchins. 
Ashes or amphibia This breakdown is always associated with 
gross malformations The same breakdown follows in animal 
eggs where the egg nucleus is removed and a sperm nucleus 
from another species allowed to develop in the maternal cytopleism 
Here it can sometimes be shown that the early development is 
maternal and the breakdown occurs when the nucleus tries to 
assert itself^ 

Less violent conflicts between nucleus and cytoplasm arise 
through the treatment of Paramoecium or Drosophila with heat or 
various poisons Abnormalities are produced which are inherited 
only through the egg (in Drosophila) and persist for a limited 
number of generations * Specific differences showing the same 
maternal influence are found in several crosses between animal 
species and races and indicate a prolonged failure of the cytoplasm 
to adjust Itself to the nucleus Whether any such cases imply the 
absolute independence and permanence of the cytoplasmic ele- 
ments concerned is doubtful For the moment we can consider 
these examples as showing at least a high degree of integration in 
the cytoplasmic system 

So much IS true of ammals In the past the same rules have 
often been thought to apply to animals and plants in regard to 
cytoplasmic effects, because the same rules apply in regard to 
nuclear effects This is certainly not true Not only are the 
processes of development less highly organised in plants and 
regeneration, especially in the lower plants, vastly easier, but 
the genetic results tell quite a different story 

“Hybrids”, containing the nucleus of one species and the cyto- 
plasm of another, live and flourish m plants not only when the 
difference is between species, as in Fragaria and Nicotiana, but also 
between genera Under natural conditions the sperm nucleus of 
Vwta sativa may expel the egg nucleus of Lens esculentum and 
proceed by doubling of its chromosome number to develop a 
normal plant, with the alien cytoplasm of the maternal parent 
Furthermore distant hybridisation which is so disastrous in 

' Hadom, 1937 • “Dauermodifikation ” Jollos, 1934 
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animals is remarkably successful in plants Crosses between genera 
arc frequent Crosses between subfamilies in mosses, grasses and 
crucifers give vigorous progeny Hybrids between Saccharum and 
Bambusa are fertile Only that between Saccharum and J^ea shows 
vegetative abnormality * 

It seems therefore that there is an important difference m the 
part played by the cytoplasm in plants and animals In both it 
IS the agent of nuclear activity and of differentiation In both it 
consequendy passes through a cycle of adjusted changes But in 
animals this adjustment is more complex, more rigid and there- 
fore more piersistent. So persistent is it that we may ask ourselves 
whether it may never be autonomous That is the question we are 
now prepared to discuss 

We know nothing of any visible bodies outside the nucleus 
determining differentiation of cells during development But we 
know of one kind of body whose reproduction can be followed and 
shown to be responsible for the inhentance of important pro- 
perties This body is the plastid of plant cells In many algae it 
IS seen throughout life as a green chloroplast In some diatoms the 
chloroplasts are present in a small and constant number in each 
cell and when the diatom divides they are evenly distnbuted 
Their transmission is therefore as regular as that of the nucleus 
In some species of Spirogyra the chloroplasts are few and constant, 
but in others they are numerous and vanabJe Their transmission 
then IS necessarily less regular In the higher plants likewise they 
are numerous and variable Moreover there are special cells 
devoted to vegetative reproduction in which plastids that will 
later be large and green in the leaves are small and colourless and 
difficult to identify. Nevertheless it seems likely that plastids 
throughout these plants are self-propagating bodies not arising 
de novo out of the cytoplasm * The evidence is experimental 

In hundreds of plant species genes are known which control the 
colour of the plastids The albino type appears as a Mendelian 
recessive which usually dies In a number of species, however, 
the cross white-by-grcen is entirely white and the cross green-by- 
white entirely green The colour of the plastids is maternally 
inherited Actually a purely white parent cannot be used, but it 
so happens that white tissue arises by mutation in very many 
plants and owing to the regular separation of layers in the 
I Janalu-Ammal, 1938 ’ Chittenden, 1927 
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development of the plant an arrangement comes about by which 
a glove of white tissue is growing over a hand of green tissue. The 
subepidermal layer of white tissue produces the germ cells, the 
green layers do the work Such chimaeras of Pelargonium zonale 
can be bred as though they were white, and from this breeding 
Baur was able to conclude that the plastids were self-maintaimng 
organs of inheritance. 

Plastid mutations from green to yellow or white occur once in 
2000 Oenothera plants, wild species or crosses They appear as pale 
flecks or if they come early enough they develop into layers of pale 
tissue Evidently the plastids maintain themselves, but also, unlike 
the genes, they are liable to sort themselves out at a mitotic cell 
division, so that purely white and purely green cells arise from 
mixed cells This sorting out takes place slowly in Antirrhinum and 
Mirabilis, more quickly in Pelargonium and Oenothera, where egg 
cells for example are never mixed ^ 

Another property in which species differ is in regard to the 
plastids being carried over by the pollen tube In Antirrhinum 
and Z^a they are inherited exclusively through the egg In Pelar- 
gonium and Oenothera a few usually enter from the pollen A 
flaked plant is then produced from the cross green-by-white The 
reaprocal cross dies too young for us to see the flakes 

What then is the relationship of nucleus and plastid^ It is dear 
in some CEises that the nucleus controls the colour of the plastid 
It IS equally clear in other cases that the plastid is as autonomous 
and permanent as any gene The answer to this question is pro- 
vided by certain critical experiments with Oenothera * 

As we saw (Ch xvi) Oenothera muricala produces two types of 
gametes, curvans and ngens If we take only the curvans progeny we 
find that the following cross is different in opposite directions 
Hookeri ? x muricala d — ^Hookeri curvans > ellow 
muncata ? x Hookeri ^ — ’^Hookeri curvans green 
This means that Hookeri plastids are yellow with the H c nucleus 
although they are green with a pure Hookeri nucleus, and although 
muncata plastids are green with the H c nucleus 

Now the yellow seedlings die, but a few Hookeri plastids have 
been brought into the green seedlings and some of them develop 
yellow flakes and layers Yellow-over-green shoots should then 


* Renner, 1934 


* Renner, 1936. 
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breed from their yellow subepidermal layers as though they had 
pure Hooken plastids When selfed these shoots gave two kinds of 
progeny • 

(i) ^Hooken cttrvans all yellow. 

(ii) ^Hooken '^Hooken all green. 

When back-crossed with muncata pollen all the progeny is of the 
first type, with Hookm pollen, of the second type. 

Thus Hooken plastids which become yellow with the H, c 
nucleus become green again with the pure Hooken nucleus, and 
indeed with certain other nuclei as various other crosses show 
Tests of this kind show that the behaviour of the plastids depends 
on their reaction with the nucleus and that both partners to this 
reaction are permanent and autonomous Hence although most 
plastid mutations to white or yellow are incompetent in any 
nucleus with which they can be combined by crossing, we are 
bound to suppose that the pltistids and the nuclei of each Oenothera 
species have become mutually adapted for chlorophyll production 
by mutation and selection on both sides * 

Knowing the special properties of extra-nuclear inheritance 
shown by the plastids, we are in a better position to test the 
evidence of other determinants outside the nucleus We must not 
expect absolute constancy, we must allow for sort’ng out We 
must not expect absolute matnlinear descent in plants, we must 
allow for contamination by the pollen 

Reciprocal crosses between many pairs of species in plants 
differ, for example in Eptlobium, Streptocarpus^ and Geranium They 
differ, not in resembling the mother plant more closely, but in 
new and precise modifications Reciprocal crosses between Funana 
medtterranea and F hygrometnea, for example, differ in sporocarp 
shape By regeneration meiosis can be avoided and diploid game- 
tophytes produced vegetatively These again differ in leaf shape 
They still differ if maintained vegetatively for 13 years And 
further, if haploid gametophytes are back-crossed to the male 
parent eight times, so that the product has the nucleus of the male 
parent and the cytoplasm of its matnlinear ancestor, it still does 
not agree in form with its male parent * 

There is no excuse for doubting that such tests show the action 
of a permanent cytoplasmic determinant Or, should we say, 

* Renner, 1934 * Ochikers, 1938 ’ Wettstem, 1937 
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determinants^ The answer depends on the nature of the crosses. 
In a particular difference between reciprocal crosses of individuals 
with a single gene difference within Solanum Lycopersicum, or with 
no gene difference at all within J^ea Mays,^ a specific cytoplasmic 
determinant may be assumed The same is true in Linum usitatis- 
stmum A special gene from the tall flax aborts the anthers in a 
quarter of the progeny of its cross with the procumbent variety 
when this variety is used as the female parent The same principle 
applies with the same result when the tall L angusttfohum and 
the procumbent L floccotum are crossed An homologous gene 
mutation has been accompanied by an homologous cytoplasrmc 
change * But where generalised or multiple effects are concerned 
a number of different determinants must be supposed to take 
part Thus in Vtcta Faba a number of plasmatic differences are to 
be inferred from reciprocal crosses between the subspecies major 
and minor Amongst other effects the minor cytoplasm seems to 
elirmnate the Fj segregates which are pure for certain genes from 
the stock There are six genes concerned and they are linked ® 
When we recall the importance of linkage groups in developing 
the discontinuity between species it begins to appear that this 
action on linked genes is not a coincidence but a consequence ol 
special adaptation of the cytoplasm to the nucleus during the 
differentiation of the two races It implies the existence of a 
number of different and specific determinants in the cytoplasm 

The variety of changes in plasma types similarly argues a 
specificity in these changes In Epilobium hirsutum half a dozen 
stocks from different localities differ in their plasmatic properties, 
as shown in reciprocal crosses with one another and with E 
luteum They differ not only quantitatively but qualitatively and 
give in the extreme crises a variety of probably unrelated effects * 

The cross luteum-hirsutum has been back-crossed to the male 
parent thirteen times so as to give a hirsutum nucleus in an approxi- 
mately luteum cytoplasm This product may be represented as LA" 
We then find that Lb}* x luteum resembles luteum x hirsutum and 
not the reciprocal cross For example, it is male sterile The 
cytoplasm of LA'* remains, after fourteen generations essentially 
luteum 

This is not the whole story When a white-over-green hirsutum 
is used as the male parent of LA'* one in 400 plants shows white 
flecks owing to the sorting out of pollen plastids from egg plastids 

' Rhoades, 1933 * Gajewski, 1937 • Sirlcs, 1931 * Michaclis, 1937 
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Examination of this generation shows that about one in 400 also 
has shoots with fertile anthers Further, the male-fertile flowers 
selfed give fewer sterile progeny than the male-sterile flowers of 
the same plant (using presumably the pollen of the fertile flowers) 
The plasmatic determinants therefore just as much as the pltistids 
are sorted out in development In fact plasmatic inheritance, like 
Mendehan inheritance, is particulate 

Particulate mhentance of the plasma does not mean that a 
single type of particle distinguishes luUum from hirsutum As we 
saw, the several effects in Vtcta and the several races in Epilobtum 
indicate several kinds of particle This is brought home to us in 
a special way by the same mutating plants of When the 

fertile flowers of are crossed with luUum pollen they give less 
fertile progeny than do the sterile flowers in the same cross The 
sorting out of a determinant affecting the fertility of pure hirsutum 
nuclear type does not mean the sorting out of a determinant 
affecting the fertility of a hirsutum- luteum hybrid Different and 
independently assorting determinants are at work ^ 

Taking all these experiments together we see that genotype 
must be supposed to embrace three elements, nucleus, plastids 
and cytoplasm All of these are subject to particulate inheritance 
and particulate variation The nucleus in addition is subject to a 
super-particulatc chromosome variation to which the others pre- 
sumably are not The particles in the nucleus are genes, those in 
the plastids and cytoplasm may perhaps be treated more rigor- 
ously if we also think of them as genes — plastogenes and plasma- 
genes The fact that their specific properties can only be discovered 
in relation to the specific properties of nuclear genes in no way 
robs them of their specificity 

In order that we should find out something more about these 
free genes we must try to form a more precise picture of how they 
live, move and multiply It seems likely that they are protein 
molecules or aggregates Evidently they are such that, like true 
genes, they can arise only from proteins of the same kind — apart 
from mutation Unlike true genes however their reproduction is 
not controlled by a mechanical equilibrium but will be subject rather 
to conditions of chemual equilibrium genotypic2dly controlled but 
specific for each type of gene The conditions of cytoplasmic 
heredity are therefore likely to show a wide variation according to 
the type of equilibrium to which the plasmagenes concerned are 

^ Michaelis, 1935 
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subject Probably also the high differentiation of animal cells is 
less likely to favour the survival of plasmagencs than the lower 
differentiation of plants 

The possible nature of the plasmagene is indicated by what 
we know of virus diseases The virus is a protein molecule which, 
introduced into one orgamsm, disappears, into another, multiplies 
to g^ve a neutral equilibrium, into yet another, multiplies without 
limit and has deleterious or fatal results If we look upon the 
virus as a protein taken out of one organism (usually by a parasite) 
and injected into another to which it is not properly adapted, 
we see that it has the properties often shown by a plasmagene in 
crosses between species This is to suppose that a virus is not a 
primitive enemy of nature but just a protein out of place Such is 
the position of the cytoplasm of one species which harbours the 
nucleus of another, and the varying behaviour of the one indicates 
the varying possibilities of the other ^ 

There are a large number of anomalous types of heredity which 
have hitherto failed to agree either with the requirements of 
Segregation implied by nuclear determination or with the pro- 
perties of matrilinear inheritance which were supfxised to be 
implied by cytoplasmic determination Laciniation m Malva 
parviflora,^ rogues in Pisum and Solarium Lycopersicum patterns in 
Tagetes and Dahlia, all provide examples of the less stable plasma- 
gene eqmlibria which might be expected from variations within a 
species which have not become adapted to isolated and discon- 
tinuous genotypes 

The conditions of cytoplasmic inheritance indicate in these ways 
not only co-adaptation of the types of nuclear gene and plasma- 
gene but also some degree of genotypic control in regard to the 
conditions of reproduction and equilibrium of the plasmagene 
This control is limited by the molecular possibilities of the 
situation as it is in regard to the nucleus itself How it is limited is 
a question which is likely to be answered in part by the study of 
virus reproduction The very existence of plasmagenes however 
warns us of this molecular limitation to the adaptability of the 
genetic system Plasmatic inheritance is not a help but a hindrance 
to adaptation It is in itself clonal, and irregularly clonal at that 
It IS the first and the last contradiction to all the rules which have 
governed the evolution of genetic systems 
^ Cf Salaman el al 1938 


‘ Lilienrcid, 1929 
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THE EVOLUTION OF HEREDITY 

The kinds of reproduction already set out show that there is not 
one system of heredity and variation but many And these make 
the complete revolution from asexuality to sexuality and back 
again Since the properties of heredity and variation themselves 
show heredity and variation under experiment they must, like 
other properties of the organism, be susceptible of selection and 
adaptation The question now arises as to how far the present 
variation in genetic systems can show us the steps in their past 
evolution This method has proved of value in comparatu'e mor- 
phology and biochemistry In comparative genetics we have 
even more to expect from it because the steps arc fewer and many 
of them are still susceptible of the combined tests of experiments 
with cells and with organisms Let no one imagin'* that the 
definition of these steps is a work of supererogation, a mere 
catalogue of superfluous conjectures, for no one can undertake a 
serious study of genetics without being compelled to make one 
or other of the alternative senes of assumptions that are implied 
bv the evolution of genetic systems — whether he knows that he 
IS making these assumptions or not 

In the first place, the properties of heredity and mutation are 
common to all organisms from the virus to the many-celled animal 
or plant We may therefore suppose, without grave risk, that the 
hole of evolution has a common origin and falls into genetic 
series which can be traced to this origin (Fig 26) 

The naked gene that we see in the virus is the prototype in 
reproduction and mutation of the three kinds of self-propagating 
molecule that we see to-day in the chromosomes, the plastids, and 
the plasmagenes of higher organisms The plasmagene is a relic 
of the naked gene of pre-chromosomian times, a relic which is 
preserved in spite of its being a nuisance in heredity because it is 
a necessary cog in the machinery of development 

There are three important levels of organisation within this 
series The lowest has no differentiation between genes The 
second has a differentiation of genes but no sexual reproduction 
The third has sexual reproduction with an alternation of haploid 
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and diploid phases Two important inventions made these changes 
of level possible The first step was the differentiation of the genes 
which are still undifferentiated in viruses and bacteria It is made 
possible by the invention of mitc»is and the arrangement of the 
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genes on linear threads This means, as we have seen, that a 
chemical equilibrium was superseded by a mechanical one 
Whether the asexual gT;oup of Protista can be supposed to 
correspond to these original mitotic organisms is doubtful They 
may have reverted from sexual types Likewise the Cyanophyceae 
indicate, by the apparent absence of mitosis, a degeneration of the 
genetic system. The original mitotic stage of evolution may there- 
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fore have disappeared. In the same way, as we saw, the virus may 
well be a reversion to the protogemc stage, the original naked 
genes having died out. 

The second step was the adoption of sexual reproduction It 
depended on the invention of meiosis as a modification of mitosis 
The fusion of cells and nuclei is such a commonplace accident 
wherever mitosis occurs that the introduction of fertilisation 
involves no novelty Meiosis on the other hand is an abrupt and 
revolutionary change which permits of no half-way house. The 
chromosomes must either reduce or fail to reduce if they are to 
keep their genetic character Anything intermediate upsets the 
whole apple-cart Likewise organisms, cells, and nuclei either 
copulate or they do not The origin of meiosis and sexual repro- 
duction therefore shows the most violent discontinuity in the whole 
ol evolution It demands not merely a sudden change but a 
revolution It is impossible to imagine it as the result of a gradual 
accumulation of changes each one of which had a value as an 
adaptation cither Lamarckian or Darwinian If the material 
processes underlying sexual reproduction had been understood at 
the time neither Lamarck nor Darwin could ever have thought of 
evolution as depending on the adapuve accumulation of entirely 
continuous variations 

In all sexual species of organisms, so far as we know, from 
Amoeba to man, meiosis shows an extraordinary uniformit\ 
It follows a standard course consisting of two divisions and 
demanding crossing-over between paired chromosomes as a 
condition of this segregation 

There is one other course that meiosis could conceivably have 
followed and that is in fact a simpler one If chromosomes entirely 
failed to divide in the first division they would pair and separate 
very much as they do in meiosis in the male Droiophtla There 
seems no mechanical difficulty about such a system and it may 
indeed be found to occur some time in one sex in an animal The 
reason why it has not provided the basis of se.xual reproduction is 
clear It does not allow of crossing-over, which depends on the 
division of threads while they are paired and coiled And w ithout 
crossing-over recombination is limited to whole chromosomes 
Without crossing-over indeed sexual reproduction is meaningless 

The original change to meiosis would be one affecting all 
nuclear divisions in the cvcic. We have to remember that a 
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special timing of the action of a gene is an adaptation which can 
hardly be there before the gene itself has arisen by mutation 
The precocity gene causing meiosis would therefore act as 
soon as a diploid nucleus had been formed The haploid nucleus 
would have its precocious prophase which would not however 
upset mitosis since its chromosomes could not pair The onginal 
sexual cycle is therefore one without any phase of diploid mitosis 
Comparative morphology reaches the same conclusion The 
simplest sexual organisms are those with meiosis immediately 
determined by the fusion of nuclei 

Two ways are then open to make a diploid phase possible 
The first is the postponement of fusion found in the higher fungi 
This curious method has been retained because, as Bullet has 
shown, It permits the fertilisation of one fully developed mycelium 
by another Like so many other genetic devices it reduces the cost 
of reproduction 

The second way is the postponement of meiosis by a differentia- 
tion in development between mitotic and meiotic divisions Ihis 
change prepared the way for the origin of all the higher plants 
and animals In all of them it led to the gradual development ol 
the diploid phase at the expense of the haploid one Only once in 
evolution has the process been reversed In the development of 
haploid testes by the diploid hermaphrodite Icerya meiosis has 
been pushed back in development 

In the regulation of diploid and haploid phases the simplest 
organisms show some elasticity, the higher organisms on the 
other hand an extreme conservatism In the higher plants it is 
therefore possible to trace the ancestry of groups on this basis 
Let us now consider the principles shown by some of these 
evolutionary changes In the first place what is the reason for this 
evolutionary conservatism^ The spores of a fein can be changed 
to spermatozoids by a single mutation * But a co-ordination of 
male and female organ production is necessary They can therefore 
be changed only by the association of mutations Hence the 
gradual change that has taken place must have been by slight 
mutations each of which would make another more desirable 
The interlocking action of genes is shown in a different way by 
the development of a differential sexual effect in the autosomes 
where sex chromosomes are differcnuated from them This as 
‘ Andersson-Kolto and Gairdner, 1936 
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we saw IS due to gradual atrophy of the T chromosome This 
atrophy in turn is due to the failure of natural selection to eliminate 
deleterious changes in the T This failure is due to the suppression 
of crossing-over between the X and Y on which their original 
differentiation depends Such long chains of compensating or 
interlocked changes may be regarded as typical of all evolution at 
the highest level They are always slow because they are integrated 
in their effects at every stage 

Such integrated effects arise, although to a less extent, in con- 
sidering adaptations of form Every new variation of importance 
throws the organism into a new environment In fact we may say 
that It is not the environment which changes the genes so much cis 
the genes which change the environment In adaptation the geno- 
type IS usually dominant over the environment Every gene change 
demands others to act in concert with it The stabilisation of a 
new combination depends in turn on structural change in the 
chromosomes at the nght time and place to act in suppressing 
crossing-over Hence the part that structural hybndity plays in 
setUng up major discontinuities of all kinds 

In a word the unit of variation is not the umt of selection 
Changes in the chromosome are determined by conditions of 
molecular stability They are biologically at random The com- 
binations of these changes together with the selection of environ- 
ments IS what takes us from the chemical level of mutation to the 
biological level of adaptation 

It IS a third corollary of integration that genetic systems can 
change while external forms remain the same This is shown by the 
evolution of sex chromosomes but it can also be shown in other 
ways Chromosomes can determine evolutionary discontinuities 
which are not morphologically visible Two geographically 
separated varieties of Hordeum sativum give a vast array of segre- 
gation in their progeny which is not seen when parents with 
similar differences come from the same region * The same kinds 
of gene difference in two species of Gossypium have different pro- 
perties of dominance * Certain cryptic species of Drosophila although 
scarcely distinguishable in form have chromosomes differently 
arranged and are inter-stenle * All these properties go to show 
that the genetic basis of form may change although the form 

‘ Karjjcchenko, 1935 “ Harland, 1936 

’ Darlington, 1939 
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itself does not We need not suppose that the external stability of a 
Lingula depends on an unchanging complement of genes The 
genes must change Forms and their determinants are not 
necessarily related in the same way in different species at the 
same time, or in the same species at different times 

A fourth corollary of integration in the genetic system is com- 
promise Integration means that all the components of the genetic 
system are related to more than one function, all the functions to 
more than one component The requirements of the different 
functions of the same component always differ They may even be 
opposed Hence selection enforces a compromise The effective 
advantages are always the immediate ones The compromises are 
often therefore short-sighted and short-lived 

The most fundamental compromise is that between high and 
low crossing-over High crossing-over is demanded for the pairing 
of chromosomes, low crossing-over for the preservation of com- 
binations Another and related compromise is that between the 
requirements of hybridity, fertility and stability, a compromise 
which IS resolved in entirely different ways in different species A 
third compromise is that between true diploidy, which gives a 
sensitive balance, and polyploidy, which buffers the organism 
against unbalance and mutation The vastly different ways in 
which these compromises are reached imply the imperfectibility of 
genetic systems 

And the last consequence of integration is that we meet the 
environment in three different relationships For the cell in 
development, as we saw, the environment expresses itself through 
the intermediacy of the cytoplasm It is an internal environment 
For the individual in heredity the environment is external and is 
said to determine the total form of the individual in reaction 
with its genotype For the genetic system in adaptation and 
evolution the environment consists of little else beyond the rest of 
the species All its changes are, or can be, entirely neutral with 
regard to other parts of the external world In all these relation- 
ships — development, heredity, and adaptation— we therefore see 
that the effective environment is itself dynamically subordinate 
to the genotype 

Thus the genetic system works at different levels of integration — 
the gene, the chromosome, the nucleus, the cell, and so on — and 
Its activities at these different levels are interlocked in develop- 
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ment and reproduction, in heredity and variation Knowing 
something of this we can now consider afresh how selection worla 
in more general terms. 

The limits we can set to natural selection must depend on the 
limits we can set to heredity and variation To Darwin, as to his 
predecessors, variation was undefined It was a function of here- 
dity, in his original theory it was no more than a principle of 
uncertainty inherent in heredity The uncertainty might be 
negligible except in evolutionary time, as Johannsen’s experiment 
showed, but it was umversal Omma mutantur, nihil intent 

Our present knowledge still allows us to accept this statement 
as a first approximation But we have to recognise that vanaaons 
themselves continually interact and do so particularly through 
their effects on the geneuc system The umformity he assumed in 
variation naturally impbed to Darwin a uniformity in selection 
He admitted only one special category — sexual selection To us 
the great V2iriety of genetic systems as well as the complexity we 
can see in any one of them means many types of vanation and 
hence many types of selection Let us see how these may be 
distinguished 

In the first place we realise that the great majority of variations 
that occur in nature are deleterious in themselves The majority 
of them are lethal in the pure state Now lethahty is an expression 
of natural selection It is not physiologically absolute Lethal 
genotypes in Drosophila and Oenothera kill their bearers at any 
period before reproductive activity, and the time at which they 
take effect depends on external conditions But from the point of 
view of natural selection lethality is absolute With merely de- 
pressive mutations on the other hand it is a question of competition 
or a struggle for existence This struggle obviously takes the form 
of a struggle for combination New variations may have a dele- 
terious effect in the combination and in the environment in v, hich 
they originally occur Carried through a population in a recessive 
condition they can appear in a more suitable environment and a 
more suitable combination where they can increase This kind 
of vanation although originally deleterious in the individual is 
advantageous to the species, since it renders it more adaptable to 
new environments Absolute and competitive selection therefore 
play an entirely different part The effect of the one is independent 
of the genetic system. It is purely conservative The effect of the 
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Other, on the contrary, is constructive And its effect depends 
almost entirely on sexual combination. 

The classical theory of selection regarded the whole life cycle as 
a umt Now we are able to realise the special implications ot 
haploid selection In plants the haploid generation is selected as 
such. The possibihues of adaptation of the diploid generation are 
therefore him ted by the difficulty of restricting the action of every 
gene with precision to one time in the life cycle. They are ako 
limited by the necessity that it shall act satisfactorily in both 
haploid and diploid dosage The absence of such selection in 
ammak on the other hand means less ehmi nation ol gametes and 
therefore greater ehmination ol zygotes in the offspring of hybrids 
Sterihty therefore establishes genetic isolation more readily The 
size of the cndogamous group and hence its hybridity equilibrium 
are reduced Species are more distinct and more numerous 

The selection of germ cells is partly conservative and pardy 
construcUve The same is true ol the selection ol meristematic 
cells Cells with deleterious changes (such as chromosome loss in 
a diploid) are elirmnated Cells with advantageous changes (such 
as chromosome loss in a trisomic) are favoured Hence the 
advantage of the multicellular meristem ol the flowering plants 
It allows greater scope lor selecuon and gives greater vegetative 
stabdity of satisfactory types This is important for largely vege- 
tative species It IS a matter of life and death for stricdy clonal 
species. 

There is ako a gene struggle as well as a cell struggle Crossing- 
over IS probably less frequent immediately adjoining the centro- 
mere than in other parts ol the chromosome Genes in this region, 
like those in the differential region of the 2‘, are therelore not 
capable of being Ireeiy recombined Nor can they be Ircely 
selected Their mutations will therelore be largely disadvantageous 
If they become inert and immutable the efficiency of the genetic 
system as a whole will be increased Hence the differentiation we 
find between parts of the chromosome in regard to activity and 
inertness, a differentiation which will itself necessarily stabilise the 
crossing-over system that gave rise to it Thus gene mutability 
comes indirectly to promote stability at different levels ol be- 
haviour 

Selection therefore acts on the genetic system at every level, 
gene or chromosome, cell and individual, and in every stage and 
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process, haploid and diploid, mitotic and meiotic, embryonic and 
adult How IS It related in time to the variations it acts on^ 
Lamarck, holding that hereditary variations were adaptive 
because they arose as a direct response to a changed environment, 
was bound to consider that they profited the generation which 
bore them Darwin was surprised to discover that the sex ratio 
in animals seemed to be adapted to the needs of reproduction, 
that IS, to the advantage of the following unborn generation ^ 
He found this as much beyond the possibihty of natural selection 
as It was evidently beyond the possibility of Lamarckian adapta- 
tion He considered that “an individual with a tendency to 
produce more males than females would not succeed better in the 
battle for life than an individual with an opposite tendency, and 
therefore a tendency of this kind could not be gained through 
natural selection” It should be noted that a slightly different 
principle is involved in the assumption that neuter ants and bees 
can be selected, but it is one which is equally cogent evidence 
against Lamarckian inheritance Darwin accepted this assump- 
tion and Its anti-Lamarckian implications, although he did not 
accept the other He wcis therefore confused by precisely the 
problem that now confronts us, the problem of selection acting at 
two levels of integration — the individual and the race He con- 
cluded “that the problem is so intricate that it is safer to leave its 
solution for the future” In the light of our present knowledge of 
heredity the solution is clear Properties of sex determination as 
well as of all other kinds of heredity are genotypically controlled, 
that IS to say they are inherited, and aie therefore capable ol 
being selected for an indefinite number ol generations after their 
origin And, above all, they need not be selected or selectable in 
the generation in which they first arose 

Out understanding of the whole e\oluiion of genetic systems 
depends in fact on the assumption that variations may survive 
merely because they favour posterity The capacity foi sexual 
reproduction could have confeired no adv antage on tlie generation 
which first enjoyed it No improvement in meiosis can benefit the 
individual in which it first arises Hie elaborate genetic piocessts 
of self-sterility and the endless devices securing cross-polhnation 
can yield no reward except in the qualities of the progenv All 
these changes anticipate not meiely the act ol selection lint the 
‘ Darwin, 1874, cl Fislier, 1930, Crew, 1937 
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generation in which selection occurs They all of them therefore 
put out of court any assumption of direct adaptation or the 
inheritance of acquired characters * 

This principle of anlictpalton in the evoluuon of genetic systems is 
of indefinite extension, and it is on this account that they show from 
time to time such contradictory vagaries Sexual reproduction 
survives because it profits all posterity The opposite state of 
apormxis survives because it profits its own immediate progeny 
Permanent hybridity, subsexuality, and even polyploidy are 
changes made with immediate advantage at the expense of ultimate 
survival 

The combinauon of lag in the adaptation of the whole organism 
With anticipation in the change of its individual genes is re- 
sponsible for another principle, namely that form overlaps function 
at both ends of the evolutionary as well as of the developmental 
time scale Thus forms usually arise before they have a use, they 
always survive beyond their use The principle of lag alone 
implies at once the instability of the compromises underlying 
adaptation, the irreversible character of evolution, the imper- 
fectibdity of its products, and the impossibility of stopping them 
from changing The principle of anticipation alone proves that 
no adaptation of the genetic system could ever have arisen as 
a response to the environment This is clear enough in the 
invention of chlorophyll and haemoglobin In the invention of 
sexual reproduction any other view defeats the intelligence New 
properties do not arise because they have a use, but having a use 
they survive 

Finally we see that integration and selection as shown by the 
genetic system are both related to one cardinal property the 
recombination of genetic differences by sexual reproduction in 
systems maintained at a high level of hybndity On general 
grounds we reach the same conclusion as on specific evidence the 
development of the genetic system at the sexual stage depends on 
the pursuit of hybndity, a pursuit which is occasionally checkered 
by lapses into self-fertilisation and occasionally brought to a 
violent end by sterility and <a return to asexual life 

The capacities of a genetic system for evolutionary change are 
limited by its properties at every level — by its cytoplasmic mole- 
cules, by Its genes, their number, kinds, and stability, by its 
* Darbngton, 1932^. 
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chromosomes and their properties of combination, by its mating 
system and sexual affinities, by the uniformity and stability both of 
Its genotype and of its environment Within these limits and at 
these levels, both severally and relatedly, natural selection controls 
the destiny of the system We may say that the evolution of 
genetic systems is the history of the various Yays m which these 
systems have come to expose their components to natural selection 
The essenual Darwiman principle of evolution by the natural 
selection of spontaneous and originally unadapted variation is 
upheld But the different kinds of selection demanded by different 
kinds of heredity and variation and occurring at different 
levels of integration, the prolonged anticipation of selective 
changes with sexual reproduction and the lack of anticipaUon 
with asexual reproduction, the lag of adaptation demanded by 
discontinuity, and the imperfcctibihty of genetic systems de- 
manded by this lag, an imperfectibility to which they are them- 
selves adapted in their capacity for change — these are principles 
which can only now be deduced from considering how form, 
function and inheritance interact in every part of the organism 
and of the speaes, in space and in time 
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